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Associate Professor of Mechanical Engineering 
ABSTRACT 
The dynamic mechanical behavior of arteries is essential to a properly 
functioning vascular system. Within the arterial extracellular matrix (ECM), the 
organization of collagen and elastin leads to the bulk of the passive mechanical 
behavior of the tissue. While remodeling of the ECM occurs naturally in healthy 
arteries to maintain normal functioning, vascular diseases often create different 
chemical and mechanical conditions that cause significant changes in structure 
and adverse effects on the mechanical behavior. The goal of this dissertation is 
to understand the roles of the ECM components in the mechanical behavior of 
vascular tissues, and how mechanical and biological interactions change during 
disease. 
Our study of in vivo obstruction induced pulmonary artery remodeling 
suggests clinically relevant relationships between the mechanical integrity and 
biochemical composition of the tissue. Arteries had earlier collagen engagement 
and increased tissue stiffness due to higher collagen content. An in-vitro 
vii 
treatment with elastase leads to lamellae fragmentation and a faster rate of 
degradation when tissues were digested under stretch. We have shown for the 
first time the transition from J-shaped to S-shaped stress-strain behavior in 
arteries undergoing elastin degradation. This potential for large stretches with 
minimal increases in pressure could occur as aortic tissue becomes dilated 
during the formation of aneurysms. Multiphoton imaging during mechanical 
loading shows that elastin and collagen in the medial and adventitial layers are 
recruited differently. In the unloaded state, elastin fibers are pre-stretched and 
apply compressive forces on collagen fibers contributing to their crimping. Upon 
loading, medial elastin fibers are immediately recruited while the adventitial 
collagen fibers engage and become the major load-bearing component when 
strain reaches 20-25%. In contrast medial collagen is engaged throughout 
loading. After significant removal of elastin, the second harmonic generation 
suggests collagen fibers become straightened and aligned leading to earlier 
recruitment and rapidly stiffened mechanical behavior. This microstructural and 
mechanical information can be applied to constitutive models for prediction of 
tissue mechanics where collagen and elastin are the major load bearing 
components. Our study shows that the interactions between the elastin and 
collagen structure determine the mechanics of arteries and carry important 
implications to vascular mechanobiology. 
viii 
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1 CHAPTER: INTRODUCTION 
1.1 OBJECTIVES 
Arteries are constantly remodeling tissues where the bulk of the 
mechanical behavior is due to the extracellular matrix (ECM), which is composed 
of collagen and elastin [Fonck et al., 2007]. Understanding how changes 
in/damage to the organization of the ECM affect the mechanical behavior can 
provide insights on disease progression and lead to improved methods for 
intervention and treatment. For example, predictions of when an aneurysm will 
fail could be more accurate if the current state of the ECM can be related to 
properties such as wall stiffness or peak wall stress [Vorp and Vande Geest 
2005]. Likewise a better understanding of the ECM structure can lead to more 
functional tissue-engineered scaffolds based on decellularized tissue [Quint et 
al., 2011]. The main goal of this thesis is to examine the microstructure of both 
the collagen and elastin in the ECM and provide insights how the two 
components work in conjunction to provide the passive mechanical behavior for 
an artery. 
1.2 BACKGROUND AND MOT/VA TION 
As a result of vascular diseases, changes in the pressure/flow conditions, 
or local injuries to the tissue, the mechanical properties of arteries can change 
significantly. Hypertension which is characterized by high blood pressures 
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causes the pulmonary arteries to have an increase in wall thickness and stiffness 
to accommodate the higher loading [Kobs et al., 2005]. Aneurysms are another 
serious clinical condition and is defined when an artery becomes permanently 
distended. While there can be many causes for the increase in diameter 
including aging, smoking, or genetic factors, it has been shown aneurysm tissue 
generally has a significant decrease in elastin content, increase in aged collagen, 
and loss of smooth muscle cells [Carma et al., 2002; Lakatta et al., 1987]. These 
changes in the microstructure of the aneurysm samples result in an increased 
elastic modulus and amount of anisotropy compared to healthy arteries 
[Matsumoto et al., 2009, Vande Geest et al., 2006]. Experimentally it has been 
shown that there is increased deposition of smooth muscle cells (SMCs) and 
disruption of the internal elastic lamina as a result of changes in blood flow [Meng 
et al., 2007; Pistea et al., 2005]. 
Due to the seriousness of cardiovascular diseases, improvements to 
diagnosis and treatments of the clinical conditions are desirable. Aneurysms 
have a mortality rate of 90% if rupture occurs [Vorp and Vande Geest, 2005] and 
so it is necessary to be able to predict when a patient should have pre-emptive 
surgical repair. Currently physicians base surgery on measurements of the 
expansion rate and diameter of the artery. Measurements of parameters such as 
wall stiffness or peak wall stress may offer better predictions as to when an 
aneurysm will fail [Vorp and Vande Geest 2005]. Balloon angioplasty of 
narrowed arteries is a common surgical procedure to restore blood . flow in 
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narrowed arteries. However, this palliative treatment can result in tears in the 
intima [Sohn et al., 1994] and understanding how the damage can change artery 
mechanics is important. Finally bypass surgeries can utilize a variety of grafts 
ranging from a patient's own saphenous vein, synthetic material grafts, or one 
made from decellularized tissue [Quintet al., 2011]. Being able to more closely 
replicate the structure and mechanical properties of healthy arteries allows for a 
higher rate of success in bypass surgeries. As these examples show, a strong 
understanding of how the organization and composition of the ECM affects the 
mechanical properties of arteries can be beneficial to identifying and treating 
vascular ailments and plays an important role in clinical and tissue engineering 
fields. 
1.3 STRUCTURE OF AN ARTERY 
Arteries are the large diameter vessels that move blood away from heart 
to the body. Systemic arteries take oxygenated blood to the organs and tissues 
while pulmonary arteries move blood to the lungs in order to receive oxygen. 
Both systemic and pulmonary arteries consist of three major layers (Figure 1.1 ): 
the intima, media, and adventitia [Lasheras 2007). The intima is the innermost 
layer and is comprised of a single sheet of endothelial cells and its purpose is to 
provide hemocompatibility with the blood. The media layer is made of concentric 
layers of smooth muscle cells, elastin sheets, and a network of collagen and 
elastic fibers often called the ECM. Because of the structural components of the 
media, it is responsible for the bulk of the mechanical behavior of an artery [Dahl 
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et al., 2007; Dobrin, 1978]. The smooth muscle cells can provide active 
contraction and as the arterial tree gets further from the heart, the vessels 
become more muscle cell dominated and rely on the contraction of the cells to 
move blood along. The collagen and elastic fiber network provides the bulk of 
the passive elastic property especially in the regions nearer to the heart where 
the artery expands and passively contracts to propagate the pulsatile blood flow. 
The outermost layer is the adventitia and is composed of collagen fibers and 
ground substance. The adventitia serves to connect the artery to surrounding 
tissue and also provide nutrients to the vessel itself. 
~----- Tunica adventitia 
membrane 
External elastic 
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Smooth muscle 
Internal elastic 
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Lamina propria 
(smooth muscle 
and connective 
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Figure 1-1: Three major layers of the artery wall [Lasheras 2007] 
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1.4 MECHANICAL BEHAVIOR OF EXTRACELLULAR MATRIX 
While both collagen and elastin have hierarchical structures, they serve 
different functions in the ECM. Elastin is composed of the monomer tropoelastin 
which contains rigid a-helix regions and more flexible P-strand and P-turn 
structures [Green et al. , 2008]. During the fetal and neonatal period, tropoelastin 
is produced and is drawn to scaffold composed of microfibrils like fibrillin 
[Baldock et al. , 201 0]. As the tropoelastin aligns with the microfibrillar scaffold, 
covalent cross links form between lysine residues called desmosines and 
isodesmosines [Arribas et al., 2006]. The microfibril sheath and homogeneous 
elastin cores eventually form the elastic fibers and lamellae sheets in the artery 
(Figure 1 .2). Elastin fibers have been reported to have a modulus of elasticity 
around 0.6 MPa and are very durable molecules that provide elasticity to the 
tissue through the lifetime of the individual [Lasheras 2007]. 
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Figure 1-2: Elastic fibers (top left and right) and fenestrated lamellae sheets 
(bottom left and right) in rat carotid (left) and mesenteric (right) arteries [Arribas et 
al., 2006] 
The most basic form of collagen is a triple helix structure of collagen 
molecules and these structures bundle and form collagen fibrils. 
Macromolecules like proteoglycans are responsible for forming the cross links 
that combine fibrils into collagen fibers (Figure 1.3) [Gautieri et al. , 2011 ]. Lysyl 
oxidase is the main enzyme that causes cross linking in collagen and allysine or 
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hydroxyallysine sites are the two major regions for aldehyde formation [Eyre et 
al., 1984]. Collagen is much stiffer than elastin and fibers can have a modulus of 
elasticity of -500 MPa [Dobrin 1978]. Another difference is collagen is constantly 
being remodeled in the artery where elastin production is generally finished 
before early childhood. 
Tissues (tendon, bone) 
dimension :=::: em 
Collagen fiber 
length ::: mm 
diameter::::: 10 j.Jm 
Collagen fibril 
length::::: !Jm 
diameter::: 100 nm 
Collagen molecule 
length ::: 300 nm 
diameter::: 1.6 nm ~ 
.-----t ·f . 
Amino acids 
covalent bond ==1 A 
Figure 1-3: Hierarchical structure of collagen fibers [Gautieri et al., 2011] 
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Because of the different structure and properties of the collagen and 
elastin, they serve different purposes within the ECM. Arteries normally have 
hyperelastic and anisotropic behavior and the initial elastic behavior is attributed 
to the elastic fibers supporting the load (Figure 1.4) . The stiffening of the artery 
at higher loads is due to collagen fiber recruitment and a transition to the 
collagen fibers bearing the load [Cox, 1978]. Between diastolic and systolic 
pressures, a normal artery oscillates between being elastin supported and 
collagen supported [Valdez-Jasso et al. , 2011]. Because of their prominent role 
in the mechanical behavior of arteries, modification of the elastin and collagen 
structure as a result of disease is paramount. 
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Figure 1-4: Anisotropic and hyperelastic stress vs. strain behavior of arteries 
showing regions where elastin and collagen dominate the mechanical properties 
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1.5 CONSTITUTIVE MODELING 
Constitutive modeling of artery behavior is a well-studied field and recent 
interest is often focused on examining artery dilation in aneurysm and the effect 
of non laminar flow on arterial remodeling. For use in structurally based 
constitutive models, it is necessary to have information on both the microscopic 
and macroscopic deformation [Lake et al., 2012]. While the neo-Hookean model, 
Mooney-Rivlin model, etc. [Humphrey, 1995] can be used to phenomenologically 
fit the hyperelastic behavior of arteries, these models do not have connections to 
the microstructure of the material. In contrast, the anisotropic hyperelastic model 
originally introduced by Holzapfel et al. [2000] and later generalized by Gasser et 
al. [2006] has components related to the number of families of fibers, their 
orientation, and degree of alignment to reflect the fiber bundle organization found 
in the adventitia. These collagen fiber family models were successfully used in 
previous studies for cardiovascular tissue and elastin degraded arteries [Fonck et 
al., 2007; Driessen et al., 2008; Rodriguez et al., 2009]. Other ways to include 
structure into modeling often incorporate distribution functions to capture the 
waviness and engagement of the fibers [Zulliger et al., 2004]. 
While the focus of this study will not be implementing the constitutive 
modeling, our post doctoral fellow, Shahrokh Zeinali-Davarani, is using our 
experimental data to test models of the form W = We+Wc. Like the Holzapfel 
model, the strain energy function will have a neo-Hookean component, 
We=ce/2(1 1-3), and the Ce is the material constant associated with the elastin. The 
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second part of the strain energy function will either be based on a category of 
models using exponential forms or one based on collagen fiber engagement. 
The exponential form models have been used previously because they 
effectively capture the stiffening characteristics of collagen [Holzapfel et al., 
2000]. The collagen fiber engagement models used previously by Zulliger et al. 
[2004] may be able to incorporate our planar multiphoton imaging to describe 
when collagen fibers straighten and are engaged in supporting the load. 
Similarly, Gasser et al. [2006] type models could use the information we will 
determine regarding the distribution of fiber orientation. Utilizing the mechanical 
and structural information we find in this dissertation should prove useful for 
future improvements to structurally based constitutive modeling. 
1.6 OUTLINE OF THE RESEARCH 
In Chapter 2, we introduce the experimental methods that are used in this 
study, including biaxial tensile testing, collagen/elastin assays, histology studies, 
multiphoton microscopy, etc. 
In Chapter 3, we study an example of arterial remodeling by using 
pulmonary artery (PA) banding as a model for pulmonary stenosis. We 
quantified the mechanical changes in tissue proximal and distal to the obstruction 
with equal biaxial tensile testing and Doppler protocols. Collagen/elastin assays 
and histology techniques were used to assess structural changes in the tissue. 
Changes in the initial slopes, stiff slopes and transition knee points were related 
to collagen content and other structural differences. 
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In Chapter 4, we examine the progressive changes in mechanical 
properties of arteries with a simple chemical degradation model of aneurysm. 
We confirmed an increase in artery diameter as a result of loss of elastin in the 
ECM and also identified four distinct stages during the change in mechanical 
properties. Histology and biochemical assays were used to explain the formation 
of S-shaped stress strain behavior instead of the standard J-shaped hyperelastic 
curve. 
In Chapter 5, we build upon the findings of chapter 4 and incorporated 
loading during the digestion process to determine the effect of static stretch on 
the degradation of elastin. Our results showed that the presence of mechanical 
stretch during elastase digestion increases the rate of degradation of the tissue 
but does not affect the total amount of artery dilation, progression through the 
mechanical stages, or the final composition of the ECM. Multiphoton imaging 
revealed several interesting structural changes as a result of elastin degradation 
including the fragmentation of the lamellae, release of amorphous elastin, and 
eventual loss of integrity of remaining collagen. 
In Chapter 6, we specifically focus on examining the changes of the 
elastin and collagen structure in the arterial extracellular matrix during stretch 
and degradation. Fractal analysis proved to be an effective means of measuring 
fiber engagement while fast Fourier transform analysis was able to show fiber 
orientation and distribution. As a result of stretch and degradation, there was 
different behavior in the medial elastin, medial collagen, and adventitial collagen. 
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In Chapter 7, general conclusions and possible directions for future work 
are presented. 
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2 CHAPTER: EXPERIMENTAL METHODS 
2.1 OVERVIEW 
This chapter gives an introduction to the various experimental techniques 
used in this project. Experimental methods include biaxial tensile testing, 
histology studies, collagen assays, elastin assays, and multiphoton microscopy. 
Doppler imaging was specific to the pulmonary artery banding experiment and 
will be discussed in Chapter 3. 
2.2 BIAXIAL TENSILE TESTING 
Biaxial tensile testing is commonly accepted as a means to obtain 
mechanical properties of soft tissues and has been used on a variety of tissues 
ranging from arteries to heart valves [Grashow et al., 2006; Giles et al. , 2007; 
Stella et al., 2007; Zou and Zhang, 2009]. There are concerns that the process 
of connecting the tissue to the testing device, the boundary effects of grips, and 
the effects of different loading configurations may affect the measured 
mechanical properties [Sun et al., 2005]. However, biaxial tensile testing 
provides the most physiologically relevant loading of tissue other than in vivo 
testing and so is still very useful. 
For our experiments, the -1.5cm square tissue samples were connected 
to small sandpaper tabs with cyanoacrylate glue (Elmer's Products, Ohio) and 
the tabs were attached to the linear positioners with sutures (Figure 2.1 ). The 
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testing device has a submerged suture system so that samples can remain in a 
bath of 1x phosphate buffered saline solution (Fisher Scientific, Massachusetts) 
during mechanical testing. A custom Labview program was used to apply a load 
or tension control protocol and load cells aligned with the two axes of movement 
recorded loads applied to the tissue. Prior to loading into the machine, four 
carbon marker beads were fastened to the center region of the samples in a -
4mm x 4mm square. The displacement of the four marker dots was tracked with 
a CCD camera at 7-8Hz to measure the strain as a result of the applied loads. 
Figure 2-1: Picture of the biaxial tensile tester showing the four linear positioners 
connected to the tissue sample via a combination of sutures and sandpaper tabs. 
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Load cells capture loads in the two axes and a CCD camera records 
displacements in the four marker dots. 
For each test, a small preload was applied in order to remove any slack in 
the sutures. Initially each sample was put through a series of eight 
preconditioning cycles in order to obtain a repeatable material response. The 
actual test involved eight cycles of equi-biaxialloading at various maximum loads 
depending on the particular type of tissue in the experiment. Maximum loads 
were chosen in order to fully capture the hyperelastic behavior of the arteries but 
kept low enough so that tissue was not permanently damaged over the eight 
cycles. The load and stretch in both directions was collected from the eighth trial 
when the stress-strain curves were stable. 
A plane stress situation was assumed since the thickness of the samples 
was small compared to the length and width. The arteries were also assumed to 
be incompressible [Humphrey et al., 2009] so the volume of the sample could be 
conserved during loading. Cauchy stresses were calculated based on plane 
stress and incompressibility assumptions and by using initial tissue dimensions 
and the load and stretch data from the biaxial testing device: 
(2.1) 
In Equation 2.1, a is the Cauchy stress, F is the applied load, 'A is the stretch, Lo 
is the initial length, and tis the original thickness of the tissue. The subscripts 1s 
and 2s indicate the longitudinal and circumferential directions of the tissue, 
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respectively. In chapter 3, logarithm strain (the natural logarithm of stretch) was 
used along with the Cauchy stress to describe the mechanical behavior of PAs 
[Zhang et al. , 2005] but in chapters 4 and 5, Green strain Ewas reported instead: 
E. = _!_ (...t. 2 - 1) 
I 2 I (2.2) 
where 'A is the stretch and i = 1, 2 [Holzapfel, 2000]. 
2.3 HISTOLOGY 
Histology slides offer a good qualitative assessment of changes in tissue 
structure. Samples were fixed in a 10% formalin buffer, stained with molecule 
specific dyes, sliced into -61Jm thick cross-sectional pieces before being placed 
on slides to be examined on a light microscope. For our experiments, we chose 
to use Movat's pentachrome stain, which is successful in differentiating between 
collagen, elastin, and ground substance in tissue [Taylor et al. , 1999; Arbustini et 
al., 2002] . With the Movat's pentachrome stain, elastic fibers and cell nuclei 
appear dark purple, smooth muscle cells and fibrin appear red, collagen fibers 
appear yellow, and ground substance appear blue. The histology studies 
allowed for qualitative comparisons in the ratio and organization of the different 
layers in the artery as well as elastic fiber fragmentation and degradation. 
2.4 COLLAGEN ASSAY 
The collagen in the tissue samples were extracted following a protocol 
described by Reddy in order to obtain the salt soluble, pepsin soluble, and 
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insoluble collagen [Reddy, 2004a]. After separating the volumes of different types 
of collagen , the samples were analyzed using a quantitative dye-binding Sircol 
collagen assay kit following manufacture instructions (Biocolor, 
www.biocolor.co.uk). Absorbance was measured using a SpectraMax M5 plate 
reader (Molecular Devices) at a 540nm wavelength and compared to a 
previously made standard curve (Figure 2.2) . The total soluble collagen is the 
sum of the salt and pepsin soluble collagen measurements. The total collagen is 
calculated by adding the soluble collagen with the insoluble collagen. The 
percent of cross-linked collagen is determined by dividing the amount of insoluble 
collagen by the total amount of collagen [Reddy, 2004a]. All collagen contents 
except for collagen cross linking were expressed as IJg of collagen/mg of wet 
tissue weight. 
Figure 2-2: SpectraMax micro-well plate reader and Sircol collagen/Fastin elastin 
assays 
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2.5 ELASTIN ASSAY 
Elastin content was measured using Fastin elastin assay kit (Biocolor Ltd ., 
Northern Ireland). Following manufacture's protocols for the isolation of elastin 
using progressive treatments with 0.25M oxalic acid, the Fastin elastin assay kit 
(Biocolor, www.biocolor.co.uk) measured soluble tropoelastins and a-elastin 
polypeptides by first binding a dye label (5, 10, 15,20-tetraphenyl-21 H,23H-
porphine tetra-sulfonate) to the basic and non-polar amino acid sequences in 
mammalian elastin. The optical density was measured at 513nm using a 
SpectraMax M5 micro-well plate reader (Figure 2.2). The equivalent elastin 
concentration for the absorbance value was then compared to a standard curve 
and the elastin content was expressed as J..Lg of elastin/mg of wet tissue weight. 
2.6 MUL TIPHOTON MICROSCOPY 
In order to assess structural changes in tissue various histology and 
microscopy techniques have been used in the past. While molecule specific 
dyes such as Movat's pentachrome can differentiate between collagen and 
elastin, the light microscopy technique requires fixing and slicing the tissue, 
which could affect the microstructure prior to imaging. Confocal microscopy 
allows for viewing thicker unsliced tissue samples by exciting tissue with a high 
energy beam and then using a pin hole to filter background fluorescence as best 
as possible. However, due to the high-energy excitation and fluorescence 
generation through the entire area being illuminated, there are issues with 
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photobleaching , phototoxicity, and background noise in the images [Centonze 
and White, 1998]. Multiphoton microscopy is a more effective means of imaging 
tissue because it can image even greater depths into a tissue while minimizing 
photobleaching and ph ototoxicity effects [Will iams et al. , 2001]. 
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Figure 2-3: Confocal vs. Two-photon microscopy [Piston et al., 2012] 
Multiphoton imaging is a technique where two or more photons of lower 
energy arrive at the desired molecule simultaneously and then cause the 
targeted molecule to be excited [Centonze and White, 1998]. Unlike confocal 
microscopy, which utilizes a high-energy beam, multiphoton microscopy uses a 
lower energy excitation, which results in less scattering of the excitation beam 
I~ 
and so greater depths are able to be imaged with less damage to the tissue. In 
addition, since the fluorescence is only generated on the focal plane, the pinhole 
filter is not necessary and so emitted fluorescence is more easily collected 
[Williams et al., 2001]. 
Depending on the detectors used to capture the emitted signal as a result 
of the excitation laser, both elastin and collagen can be imaged. Two photon-
excited fluorescence (2PEF) have been shown to be very effective for imaging 
elastin due to the strong auto-fluorescent signal that is attributed to the 
desmosines and isodesmosines crosslinks in the elastin [Zoumi et al., 2004; 
A pte I et al., 2010 Boulesteix et al., 2005]. Unfortunately, collagen is also 
autofluorescent due to the presence of the endogenous fluorophores 
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) 
that associate with the collagen molecule [Gill et al., 2003]. Using fluorescence 
emission alone to examine the collagen and elastin structure separately is 
difficult because of the overlap in their emission spectra [Richards-Kortum and 
Sevick-Muraca, 1996]. However, when the excitation wavelength is 800nm and 
greater, as seen in Figure 2-4, the 2PEF signal from collagen is negligible [Zoumi 
et al., 2002]. Collagen will however still emit a strong second harmonic 
generation (SHG) spectra at half the excitation wavelength. SHG occurs when 
two excitation photons interact with the target molecule and are combined to form 
a new photon with half the wavelength (twice the energy). This process only 
occurs with molecules that have noncentrosymmetric organizations and thus is 
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very effective for imaging collagen [Boulesteix et al., 2005; Zoumi et al., 2004; 
Aptel et al., 201 0]. Because the elastin is amorphous and randomly coiled within 
the fibers and lamellae sheets, it does not generate a SHG signal [Zoumi et al., 
2004]. Thus the combination of SHG and 2PEF emission with a 800nm 
excitation wavelength allows for the identification of both collagen and elastin 
structures without mistaking one structural protein for the other. Specific details 
for the microscope set up to be used will be provided in Chapters 5 and 6. 
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Figure 2-4: Emission spectra of type I collagen gels generated from rat tails. 
Collagen consistently creates a strong SHG emission signal at half the excitation 
wavelength and the intensity of the peaks exhibits a quadratic dependence on 
laser power. The 2PEF signal from collagen is nonexistent for excitation 
wavelengths above 800nm. [Zoumi et al., 2002] 
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3 CHAPTER: OBSTRUCTION-INDUCED PULMONARY 
VASCULAR REMODELING 
3.1 OVERVIEW 
Pulmonary obstruction occurs in many common forms of congenital heart 
disease. In this study pulmonary artery (PA) banding is used as a model for 
pulmonary stenosis. Significant remodeling of the vascular bed occurs as a 
result of a prolonged narrowing of the PAs and here we quantify the biophysical 
and molecular changes proximal and distal to the obstruction. Main and branch 
PAs are harvested from banded and sham rabbits and their mechanical 
properties are assessed using a biaxial tensile tester. Measurements defined as 
initial and stiff slopes, are taken assuming a linear region at the start and end of 
the J-shaped stress-strain curves along with a transitional knee point. Collagen, 
elastin assays, Movat's pentachrome staining, and Doppler protocols are used to 
quantify biochemical , structural, and physiological differences. The banded main 
PAs have significantly greater initial slopes while banded branch PAs have lower 
initial slopes, however this change in mechanical behavior cannot be explained 
by the assay results as the elastin content in both main and branch PAs is not 
significantly different. The stiff slopes of the banded main PAs are higher which 
is attributed to the significantly greater amounts of insoluble collagen. Shifting of 
the knee points reveals a decreased toe region in the main PAs, but an opposite 
trend in the branch PAs. The histology results show a loss of integrity of the 
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media, increase in ground substance, and dispersion of collagen in the banded 
tissue samples that indicates other structural changes could have led to the 
mechanical differences. 
3.2 INTRODUCTION 
Pulmonary stenosis makes up approximately 1 0% of congenital heart 
defects and plays a role in many other congenital heart defects as well [Lam et 
al., 2007; Petit et al., 2009]. Characterized by a thickened pulmonary valve or 
narrowing of the pulmonary arteries, pulmonary stenosis results in increased 
myocardial work, dilation of coronary arteries, narrowed pulmonary arteries, and 
decreased blood flow to the lungs [Aburawi et al., 2009; Hoshina et al., 2002]. 
To study this important component of congenital heart defects, previous studies 
have used PA banding as a model for pulmonary stenosis. PA banding involves 
forming an obstruction of pulmonary blood flow by placing a temporary restricting 
band around the PA. The pressure gradient from the obstruction causes many of 
the same symptoms that are due to pulmonary stenosis [Freedom et al., 1986; 
Hess et al. , 1992; Rosenthal et al., 1974]. 
While using PA banding as a model for pulmonary stenosis is well 
established, there is a lack of studies that investigate the remodeling in the artery 
as a result of the formation of a pressure gradient. Several previous studies 
have investigated the changes in the right ventricle (RV), such as free wall 
thickness, cardiac fibrosis [Saida et al., 2009a; Saida et al., 2009b] while others 
have studied how specific isozymes contribute to cardiac remodeling [Orito et al., 
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2004]. In clinical situations, pulmonary stenosis can create a pressure gradient 
in the artery of around 20-60 mmHg and blood flow becomes turbulent distal to a 
stenosis [Lima et al. , 1983; Foreman and Hutchison, 1970). 
It is commonly accepted that arteries remodel as a result of injury, 
disease, and changes in pressure/blood flow conditions. In the pulmonary 
circulation, hypertension has been shown to increase wall thickness, change 
artery composition, and stiffness [Kobs et al., 2005]. In systemic arteries, 
hypertension, aging, and diabetes can lead to structural remodeling in the form of 
increases in media thickness, extracellular matrix (ECM) components, 
collagen/elastin ratio, and changes in the structure of the elastic lamina [Bruel 
and Oxlund, 1996; Boumaza et al., 2001; Gaballa et al., 1998; Martinez-Lemus et 
al. , 2008]. Differences in the relative area of intima/media/adventitia, increased 
deposition of ECM and smooth muscle cells (SMCs), and disruption of the 
internal elastic lamina occur in carotid and coronary arteries as a result of 
changes in blood flow [Meng et al., 2007; Pistea et al., 2005]. It has been 
suggested in a rat model that systemic hypertension does not lead to pulmonary 
hypertension [ltani et al., 1996] and that the normal pulmonary vasculature 
experiences lower pressures and resistances compared to the systemic system 
[Mclaughlin and McGoon, 2006]. In addition, the decrease in compliance and 
increase in resistance of hypertensive pulmonary arteries actually is much 
greater compared to the changes found in systemic hypertension [Saouti et al. , 
201 0]. Due to the change in pressure and blood flow in the artery after 
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introducing a pulmonary obstruction via PA banding, it is expected that there 
should be structural and mechanical changes in the artery. This remodeling, 
although amplified in the pulmonary artery model, could also prove relevant to 
systemic hypertension as a result of the similar structural changes of the artery 
walls. 
The goal of this study is to understand the role of microstructural 
components in vascular remodeling by quantifying the changes in ECM structure 
after an obstruction and correlating these changes with the mechanical function 
of PAs. This information is important to unraveling the underlying key 
mechanisms of vascular remodeling and developing advanced 
mechanobiological constitutive models that integrate quantitative information of 
vascular biology, structure, and biomechanics. To this end, we studied the 
mechanical and biochemical changes both proximal (main PAs) and distal 
(branch PAs) to the obstruction after PA banding. Biaxial tensile testing was 
used to characterize the mechanical behavior of arteries. Collagen and elastin 
assays were performed for the quantification of biochemical changes in the ECM. 
Histology studies using Movat's pentachrome stain were used to examine 
changes in artery structure and a pulsed Doppler technique was used to 
measure flow waves. Here we seek to relate the change in the mechanical 
properties of arteries with possible changes in microstructure and ECM 
components. 
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3.3 MATERIALS AND METHODS 
3.3.1 Pulmonary artery banding 
The protocols used in this study were approved by the Institutional Animal 
Care and Use Committee at Children's Hospital Boston, and followed current NIH 
and American Physiologic Society guidelines. Main PAs in New Zealand white 
rabbits were banded as previously described [Kitahori et al., 2009]. Briefly, 
eleven rabbits at the age of 1 0-14 days weighing 176±41 g were anesthetized 
with intramuscular injections of ketamine (50mg/kg) and xylazine (2mg/kg). After 
bupivacaine (0.1 ml) was injected subcutaneously, a left thoracotomy was 
performed through the third intercostal space. After the pericardium was incised, 
the main PA was isolated and banded with 2-0 non-absorbable suture to constrict 
it by -20% of its diameter. The chest cavity was closed by suturing the adjacent 
ribs together with 3-0 suture. Air in the left chest was removed using a syringe 
with 20-gauge catheter to complete expansion of the lungs. The chest and skin 
incisions were then closed with 4-0 suture. Eleven rabbits were used for sham-
operated controls (sham) and underwent an identical procedure except for the 
banding. Buprenorphine (0.01 to 0.05mg/kg) was administered for pain 
immediately post operation or as needed. 
3.3.2 Estimation of pulmonary artery pressure by Doppler echocardiography 
Transthoracic echocardiography was performed at 8 weeks after surgery. 
The rabbits were sedated with intramuscular injection of ketamine (50 mg/kg) 
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and xylazine (2 mg/kg). Doppler examination was performed with a commercially 
available echocardiograph (Philips Sonos 7500) utilizing a combined 2.25 MHz 
cross-sectional imaging/ Doppler transducer. In the present study, the right 
ventricular systolic pressure was considered to be equivalent to pulmonary artery 
systolic pressure proximal to the binding site although there are limitations to 
assessing PA pressure based on tricuspid regurgitation velocities [Litwin, 201 0]. 
Right ventricular systolic pressure was estimated when the tricuspid regurgitation 
was present and color flow mapping was performed in multiple views to detect 
the presence of the tricuspid regurgitation. In the banded animals (n=11 ), all had 
moderate to severe tricuspid regurgitation. Of the sham animals (n=11 ), four had 
mild tricuspid regurgitation and none was detectable in the others. A flow signal 
with the maximum spectral representation of high velocities and the Doppler 
cursor crossing the right chambers (specifically not encroaching on the region of 
aortic outflow or left atrium) was recorded. The detected flow signal was 
examined by continuous-wave Doppler imaging and a view providing the most 
complete flow envelopes and the highest peak velocity was selected. The peak 
right systolic pressure gradient was calculated from the highest peak velocity 
using the modified Bernoulli ·equation [Hatle and Angelsen, 1982]. Right 
ventricular systolic pressure was calculated as the sum of the peak right systolic 
pressure gradient and the estimated right atrial pressure, which was assumed to 
be 10 mmHg based on values from healthy infant rabbits [Minegishi et al., 2011; 
Yock and Popp, 1984]. 
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3.3.3 Vessel collection 
The animals (sham weighing 2.20±0.17kg, banded weighing 2.1 0±0.16kg) 
were deeply anesthetized at -8 weeks after banding ( -1 0 weeks of age) with an 
intravenous injection of ketamine (1 OOmg/kg) and xylazine (5mg/kg) via the 
marginal ear vein. The hearts were isolated and perfused in the Langendorff 
mode (Figure 3.1, two on the left) as described previously [Kitahori et al., 2009]. 
Subsequently, the pulmonary arteries were separated from the heart and lungs 
and kept on ice. Vessels were then rinsed with de-ionized water and loose 
connective/fatty tissue was removed (Figure 3.1, two on the right). The arteries 
were cut so a -1 Omm square sample was obtained from both the main and 
extralobar branch PAs. Samples were obtained from sham animals at similar 
regions. The squares were cut so one edge was parallel to the longitude of the 
artery while the other edge was parallel to the circumference of the artery. The 
thickness of each sample was measured at several locations with a pocket dial 
thickness gauge and then the measurements were averaged. All main PAs from 
the 11 banded and 11 sham rabbits were successfully tested. Only 7 branch 
PAs from banded rabbits and 6 branch PAs from the sham rabbits were tested 
successfully. The rest of the branch PAs failed mechanical testing due to their 
smaller size (- 7mm per side) and thickness (-0.2mm). All the testing was 
performed within 24 hours of harvesting. 
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Figure 3-1: Pictures of sham (far left) and banded (mid left) PAs (outlined) during 
perfusion of the heart. Cleaned PAs from a sham (mid right) and banded (far 
right) rabbit showing increase in thickness and size of banded PAs. Arrows 
indicate the banding sites in the banded PAs. 
3. 3. 4 Mechanical testing and analysis methods 
Biaxial tensile testing , histology, and assays were performed on the main 
and branch pulmonary arteries in banded and sham animals to investigate the 
microstructural and mechanical properties, refer to Chapter 2 for details. 
Particular experimental settings for this study include a preload of 2±0.050g a 
1 Og load for branch PAs and 15g load for main PAs during preconditioning. 
Eight cycles of equi-biaxial load of 20-35g to branch PAs and 45-75g to main 
PAs were applied to study the anisotropic mechanical behavior of PAs. 
In order to compare the stress strain curves , a linear region at the 
beginning section of the stress-strain curve was assumed and the slope of this 
region (Figure 3.6a) was defined as the "initial slope". The maximum slope of the 
stress-strain curve was generally reached when the tissue was experiencing 
peak loads and this was defined as the "stiff slope" (Figure 3.6a) and was used 
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for comparisons between banded and sham groups. The linearization of the 
initial and stiff regions was similar to what was done in previous literature 
[Stemper et al. , 2007, Roeder et al., 2002; Bruel and Oxlund, 1996; Bruel et al., 
1998]. In this study, the initial slope was consistently taken to include data points 
of slightly less than half of the total strain of the stress strain curve. For the stiff 
slope, we linearized a set of data recorded at the end of the loading cycle to 
approximate the stiff region of the curve without including the transition region. 
Also in Figure 6a are the "knee points" of the circumferential and longitudinal 
directions. The knee point strain was determined by fitting the stress-strain curve 
with a 6th order polynomial. Other studies have often used exponential strain 
energy functions to fit the stress strain curves in arteries [Chuang and Fung, 
1983]. For the purpose of determining a knee point, the 6th order polynomial 
provided a sufficiently accurate fit and the use of more complicated strain energy 
functions was not necessary. After finding the local maximum in the curvature, 
the strain corresponding to the local maximum in curvature was defined as the 
"knee strain". The "knee stress" was found from the polynomial fit of the stress-
strain curve [Madhavan et al., 2009]. 
3.3.5 Statistical analysis 
Experimental data were analyzed using a two-way mixed model factorial 
analysis of variance (ANOVA), where treatment (band or sham) and location 
(main or branch) were the two factors and initial slope, stiff slope, knee stress, 
knee strain, amounts of collagen, and amounts of elastin in the samples were the 
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dependent variables [Sakal and Rohlf, 1995]. A two-tailed value of p < 0.05 was 
considered statistically significant with post-hoc testing done using the Fisher 
least significant difference (LSD) procedure. Results in the text were expressed 
as mean ± SO. In addition, Pearson correlation analyses were performed to 
determine the correlations between the stiff slopes in the main PAs with the total 
and cross-linked collagen. Statistical analysis was performed using the SPSS 
software package (version 18.0, SPSS Inc. /IBM, Chicago, IL) and the JMP 
software (version 9.0.1, SAS Institute Inc., Cary, NC). 
3.4 RESULTS 
3.4. 1 Wave velocity and estimated pressure 
Representative Doppler waves are presented in Figure 3.2 with the 
velocity trace in m/s. The peak velocity in the sham animals is 0.75±0.13m/s 
while banded animals have a peak velocity of 2.67±0.28m/s. The waveform 
tracings suggest that the "flow packet" has a longer pressure decay time in 
banded animals than in sham animals. In addition, the majority of the blood flow 
occurs during the middle region of the systolic phase in banded animals. The 
sham animals have the majority of blood flow during the initial period of the 
systole and then the flow decreases rapidly. As estimated from the peak velocity, 
eight weeks after surgery the pressure in the main PAs of the sham rabbits is 
12.3±2.2mmHg and 48.7±3.3mmHg in the banded rabbits. 
31 
Figure 3-2: Tricuspid regurgitation jet images showing longer decay time for 
banded (bottom) compared to sham (top) animals. 
3.4.2 Structural changes 
The main PAs experience higher pressures due to the banding and 
become thicker after remodeling. As shown in Figure 3.3, the banded main PAs 
have a significant increase in thickness compared to sham main PAs. The 
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thicknesses of the branch PAs are not significantly different as a result of 
banding. 
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Figure 3-3: Average thickness of sham and banded PAs. • p<O.OS 
Our histology studies show a loss of integrity of the media, increase in 
ground substance, and dispersion of collagen (Figure 3.4 and 3.5}. It was noted 
that the presence of collagen, especially in the medial layer, can be obscured by 
the presence of elastin/cells that are stained with a much darker color. The sham 
animals have a very distinct media layer composed of concentric rings of smooth 
muscle cells (red) and elastic lamina (black). The adventitia layer forms a clear 
outer wall of the artery and is composed of mostly irregularly arranged collagen 
bundles (yellow) in the sham animals. In the banded animals, there is deposition 
of elastic fibers between the concentric layers of elastic lamina as well as loss of 
a clear division between the media and adventitia. In addition, in the media of 
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both the main and branch sections of sham PAs, the concentric layers of smooth 
muscle cells are generally evenly spaced and the boundaries for each concentric 
layer are clearly separated by the elastic lamellae layers. On the contrary, the 
banded PAs appear to have more elastic fiber deposition within the layers of 
smooth muscle cells that cause the concentric layers to appear to be 
interconnected. There is also more ground substance (blue) mixed in with the 
smooth muscle cell layers in the media of the band main PAs. 
Band MPA Sham MPA 
200 um 
-~ 
Figure 3-4: Histological images of sham and banded main PAs using Movat's 
Pentachrome stain (cut along circumference of artery). Collagen fibers (yellow), 
smooth muscle cells/fibrin (red), ground substance (blue), nuclei/elastic fibers 
(black). Scale bar is 200 urn. 
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Band BPA Sham BPA 
200 um 
Figure 3-5: Histological images of sham and banded branch PAs using Movat's 
Pentachrome stain (cut along circumference of artery). Collagen fibers (yellow), 
smooth muscle cells/fibrin (red), ground substance (blue), nuclei/elastic fibers 
(black). Scale bar is 200 urn. 
3.4.3 Mechanical changes 
Figure 3.6a shows a representative set of stress-strain curves with the 
definition of slopes and knee points in the circumferential (C) and longitudinal (L) 
directions. Figures 3.6b and 3.6c show example plots from the main and branch 
regions, respectively. In both the main and branch PAs there is anisotropic 
behavior with the circumferential directions being stiffer than the longitudinal 
directions. 
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Figure 3-6: {a) Example stress-strain curves showing the regions used to 
determine the initial and stiff slope along with the knee points. {b) Representative 
curves from the sham and banded main PAs. {c) Representative curves from the 
sham and banded branch PAs. 
In Figure 3.7a are the initial slopes from the sham and banded arteries. 
Compared to the sham animals, the banded main PAs show a significant 
increase of slope in both the longitudinal and circumferential directions, however 
the banded branch PAs show a significant decrease of slope in both directions. 
In Figure 3.7b are the stiff slopes from the sham and banded PAs. For the 
banded main PAs, there is a significant increase in the longitudinal and 
circumferential direction stiff slopes. The banded PAs appear to have increased 
stiff slopes in the longitudinal and circumferential directions when compared to 
the sham branch PAs, but the differences in the stiff slope of the branch PAs are 
not significant. 
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Figure 3-7: Changes in initial slopes (a} and stiff slopes (b) in main and branch 
PAs. • p<0.05 
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The banded main PA knee points on the left panel of Figure 3.8a show a 
shift to a lower strain and higher stress in both longitudinal and circumferential 
directions compared to the sham main PA knee points. The right panel of Figure 
3.8a shows the shift in the branch PA knee points and in banded groups there is 
an increase in strain with no change in stress. Quantitative comparisons of the 
shifts in the knee point stresses and strains are shown in Figure 3.8b. In the 
longitudinal and circumferential directions, the knee stresses increase 
significantly in the main PAs. The changes in the branch PA knee stresses are 
not significant. Also in Figure 3.8b, the longitudinal and circumferential knee 
strains decrease in the main PAs and increases in the branch PAs. A summary 
of the mechanical properties of the banded and sham PAs are presented in 
Table 3.1. 
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Figure 3-8: (a) Knee points for sham and banded main and branch PAs showing 
the general shift that occurred. (b) Quantitative comparisons of the knee point 
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stresses and strains along with F values corresponding to the comparisons 
indicated by the brackets. · p<O.OS 
L:: Sham Band p F :. ""; · ·· ~, ~~., ,;'~· ., 
Initial slope 46.0±8.8 79.6±16.9 0.018 5.97 
(kPa) 
Stiff slope (kPa) 1690.6±429.8 2267.1 ±899.1 0.001 11.02 
Knee strain 0.43±0.92 0.31±0.06 <0.001 25.65 
. <( Knee stress 41.5±10.9 58.0±14.7 <0.001 23.75 
, a (kPa) ~ 
Initial slope 200.0±82.3 44.3±15.0 <0.001 87.82 
(kPa) 
Stiff slope (kPa) 1464.2±364.6 1567.5±299.6 0.659 0.20 
Knee strain 0.13±0.06 0.28±0.09 <0.001 29.39 
Knee stress 27.8±11.1 28.5±6.9 0.876 0.024 
(kPa) 
Circumference 
Initial slope 73.5±21.3 107.2±33.6 0.009 7.24 
(kPa) 
Stiff slope (kPa) 1764.5±515.5 2549.0±830.6 <0.001 17.83 
Knee strain 0.32±0.05 0.25±0.04 <0.001 30.71 
Knee stress 36.5±9.8 57.2±16.9 <0.001 37.45 
kPa) 
Initial slope 167.1±54.9 80.5±42.2 <0.001 31.79 
(kPa) 
Stiff slope (kPa) 1983.1 ±476.5 2448.3±635.4 0.57 . 3.74 
' 
Knee strain 0.10±0.03 0.16±0.05 <0.001 18.68 
<( Knee stress 22.7±5.4 25.6±5.3 0.544 0.372 a . kPa) ,: c:o 
Table 3.1: Summary of mechanical properties of sham and banded PAs. 
3.4.4 Biochemical changes 
In Figure 3.9 are the results from the collagen assay where the soluble, 
insoluble, and total collagen are displayed. The soluble collagen is the sum of 
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the salt and pepsin soluble collagen measurements. The total collagen is 
calculated by adding the soluble collagen with the insoluble collagen. In the main 
PAs, there is a significant increase in the amount of insoluble collagen in the 
banded groups (P=0.014). In the branch PAs, there is a significant increase in 
the amount of pepsin soluble collagen in the banded groups (P=<0.001 ). With 
banding, there is a significant increase in the total collagen in both the branch 
and main PAs (P<0.001 and P=0.025 respectively). A difference between the 
main and branch PAs is that in the main PAs, the greater amount of total 
collagen is caused by increased levels of insoluble collagen. In the branch artery 
tissue, the increase in total collagen is due to higher levels of soluble collagen 
(P<0.001 ). The percent of cross-linked collagen is determined by dividing the 
amount of insoluble collagen by the total amount of collagen [Reddy, 2004a]. 
There is a significant increase in the percent of cross-linked collagen in the 
banded main PAs (from 33.9±2.7% to 45.1 ±6.8%, P=0.012). The trend of 
decreasing percent of collagen cross-linking in the banded branch PAs is not 
significant (from 45.6±6.3% to 41.2±7.1 %, P=0.398). 
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Figure 3-9: Results of collagen assay showing the amounts of salt soluble, pepsin 
soluble, and insoluble collagen in the main (left} and branch (right} PAs. All 
values are reported as J.Jg of collagen per mg of wet tissue weight. • p<0.05 
There are no significant changes in the contents of total elastin between 
sham and banded groups in either the main (124±37.61-Jg/mg vs. 
148.2±42.21-Jg/mg, P=0.432) or branch (146.2±93.21-Jg/mg vs. 138.5±67.21-Jg/mg, 
P=0.796) PAs. All values are reported as IJg of elastin per mg of wet tissue 
weight. 
3.5 DISCUSSION 
The main PAs experience higher pressures due to banding and become 
thicker after remodeling. This change in vessel size occurs similarly in the 
pulmonary arteries of hypertensive mice [Kobs et al., 2005] as well as in the 
carotid arteries in human subjects with systemic hypertension [Puato et al., 
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2008]. The increase in vessel thickness as a result of the higher pressures 
seems to suggest that the homeostasis principle, in which arteries remodel in 
order to maintain a target circumferential stress, is in effect [Humphrey, 2009]. 
Due to hypertension, other studies have found that arteries develop thickened 
medial walls and lamellae layers in order to distribute and lower the wall stress 
[Humphrey, 2008]. However, our study was limited because the internal radii of 
the MPAs during systole were not measured. Thus it was not possible to 
calculate stress in the wall at the peak pressure and directly determine if a target 
stress was maintained. The loss of integrity of the media is also reported by 
previous studies on pulmonary and essential hypertension [Arbustini et al., 2002; 
Laurent et al., 2005]. Increase in ground substance and the dispersion of the 
collagen in the main PAis found as a result of atherosclerosis and hypertension 
[Briones et al., 2006]. In addition to these structural alterations, elastin and 
collagen content will be discussed in relation to the changes in mechanical 
properties. 
In the complex structure of an artery, the majority of the passive 
mechanical behavior is due to the collagen and elastin network while the SMCs 
provide the active contraction to facilitate blood flow [Dobrin, 1978; Fonck et al., 
2007]. In the initial region of loading, the elastic fibers bear the majority of the 
load and later the collagen fibers support the load in the stiff region [Cox, 1978; 
Lally et al., 2004]. The initial and stiff slopes are obtained with a goal of 
assessing the stiffness when elastin is the major load-bearing element, and after 
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the strain stiffening when collagen fibers are recruited, respectively. Such 
information will allow us to begin to establish correlations between the structural 
and biomechanical changes in the PAs. With the current loading range and the 
thinness of the rabbit samples, the stress-strain curve reaches the stiffened 
region for each sample. The stiff slope is obtained in the stiffened region where 
the stress-strain relationship is relatively linear to minimize the effect of peak 
stress/strain on slope. However due to sample-to-sample variations, the strain 
stiffening can happen over a wide range of strains [Lally et al., 2004]. It is also 
noted that the samples may reach different peak stresses/strains due to varying 
sample thickness, which may lead to comparing stress-strain slopes that occur 
over different strain ranges. 
Our results show changes in the initial slopes of banded animals (Figure 
3. 7a) without noticeable differences in elastin concentration. Other studies have 
also found that there is not a significant change in elastin content as a result 
hypertensive conditions on arteries [Kobs et al., 2005; Briones et al., 2006; 
Boumaza et al., 2001 ]. While the total elastin content is unchanged, a possible 
cause for the differences of initial slope could be other modifications of the elastin 
network such as amount of cross-linking. Cross-linked elastin can be determined 
by measuring the amount of amino acids desmosines (DES) and isodesmosines 
(isoDES). Previous studies report an increase in cross-linking in the elastin 
network is correlated with an increase the stiffness of tissue [Yonter et al., 1999; 
Elbjeirami et al., 2003]. 
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The stiff slope is defined in the region of the stress-strain curve where the 
collagen fibers have been mostly straightened and are supporting the load [Lally 
et al., 2004]. In the banded main PAs, there is an increase in stiff slope (Figure 
3.7b) , total collagen, and cross-linked collagen compared to sham main PAs. 
With an increase in total collagen, various soft tissues display an increase in 
stiffness [Vogel 1974; Lytle et al., 2007; Roeder et al., 2002]. It also has been 
reported that when the collagen network is more cross-linked there is an increase 
in stiffness of the tissue [Eibjeirami et al., 2003; Bruel et al., 1998; Yonter et al. , 
1999], which coincides with our results for the main PAs. In the banded branch 
PAs, there is a significant increase in soluble and total collagen (Figure 3.9). 
However, the change of the stiff slope (Figure 3.7b) and percent of cross-linked 
collagen (Figure 3.9) is not significant. The amount of insoluble and soluble 
collagen has been shown to affect the stiffness of tendon in an opposite way 
(Reddy, 2004b). We further plotted the correlations between the stiff slopes of 
MPA and the total and cross-linked collagen. Figure 3.1 Oa shows that there is 
not a significant correlation between total collagen and stiff slope in either the 
circumferential (P=0.21) or the longitudinal direction (P=0.16). The correlation 
between collagen cross-linking and the stiff slope is significant in the 
circumferential direction (P=0.003), but not in the longitudinal direction (P=0.15) 
(Figure 3.1 Ob). This close correlation between the circumferential stiff slope and 
collagen cross-linking has not been shown before. Although the total collagen 
content increases in both main and branch banded PAs, our results suggest that 
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the percent of cross-linked collagen is a more reliable factor in determining the 
behavior of the stiff slope. 
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Figure 3-10: Correlation plots (a) between stiff slope and total collagen, and (b) 
between stiff slope and cross-linked collagen of main PA. Total collagen is 
reported as IJg of collagen per mg of wet tissue weight. 
The knee point gives an indication of when collagen starts becoming the 
primary load bearing ECM component in the PA. Shifting of the knee points to 
lower strains and higher stresses in the main PAs (Figure 3.8) is similar to the 
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changes in behavior of the arteries in spontaneously hypertensive rats (SHR) or 
hypoxia-induced hypertensive mice [Kobs et al., 2005; Briones et al., 2003; 
Boumaza et al., 2001]. In those studies, there are increases in collagen levels 
without significant changes in the elastin content of the arteries, which leads to 
collagen recruitment at lower strain and an increase in stiffness [lntengan et al., 
1999]. This is confirmed by our biochemical assay results (Figures 3.9) and so 
the main PAs appear to be undergoing similar structural remodeling as occurs in 
previous animal models of hypertension. 
In contrast, the knee points of branch PAs shift to higher knee strain with 
no significant change in knee stress as a result of banding (Figure 3.8). The shift 
of the branch knee points in this study is consistent with the decrease of initial 
slopes in the branch PAs. We expect that the changes in knee points should be 
due to combined effects of elastin and collagen ECM components in the artery. 
Unfortunately our current biochemical assay results are not sufficient to explain 
the right-ward shift of knee point strain for branch PAs. Although we did not find 
significant changes in elastin content, further biochemical studies on elastin 
cross-linking would be useful. Increased collagen deposition in arteries often 
coincides with calcium deposition in the ground substance, which can also affect 
the mechanical properties [Laurent et al., 2005]. Obtaining such information 
should help better understand the structure-function remodeling in arteries. 
While this study is focused on comparing the effects of the pulmonary 
obstruction between banded and sham groups, differences between the main 
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and branch PAs are also evident from the data. In the sham animals, the branch 
PAs have significantly lower knee point stresses/strains compared to the main 
PAs as seen in Figure Bb. Similarly, other studies have reported decreases in 
elasticity in human arteries as the location of testing becomes more distal to the 
heart [Kumar, 2001]. Increases in collagen content, decreases in elastin content, 
and increases in the collagen/elastin ratio have also been previously reported as 
arteries become more distal to the heart [Kumar, 2001; Harkness et al., 1957]. 
Our collagen assays show that the sham branch PAs have significantly higher 
amounts of total collagen compared to sham main PAs. However, elastin content 
is not significantly different between the sham branch and main PAs. Because 
of this, the collagen/elastin ratio in the branch PAs is higher than in the main 
PAs, which provides a logical explanation for the knee point shifts. 
3.6 CONCLUSIONS 
Our study intends to investigate the relationship between mechanical 
integrity, microstructure, and biochemical composition stability of the arterial wall. 
To the best of our knowledge, this is the first study that determines changes in 
the mechanical and biochemical properties of PAs as a result of obstruction 
induced pulmonary vascular remodeling. Histology studies reveal a loss of 
integrity of the media. As a result of arterial remodeling, the initial slopes 
increase in the main PAs but decrease in the branch PAs, which cannot be 
explained by the lack of changes in elastin content. The stiff slopes in the main 
PAs of the banded rabbits increase and this is attributed to the increase in 
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collagen cross-linking. Shifting of the knee points in the main PAs are attributed 
to changes in collagen. The biochemical and mechanical changes reported in 
this study are likely to provide a better understanding of arterial remodeling when 
a PA obstruction(s) exist and/or pressure-flow characteristics are similarly 
affected. Future studies quantifying elastin cross-linking and direct PA pressure 
measurements would be useful in further illuminating the structure-function 
changes in remodeled arteries. In addition, studies involving more time points 
and a debanding/recovery process would create a better model of the arterial 
changes that occur due to an obstruction and after a treatment in patients. 
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4 CHAPTER: PROGRESSIVE STRUCTURAL AND 
BIOMECHANICAL .CHANGES IN ELASTIN DEGRADED 
AORTA 
4.1 OVERVIEW 
Aortic aneurysm is an important clinical condition characterized by 
common structural changes such as the degradation of elastin, loss of smooth 
muscle cells, and increased deposition of fibrillary collagen. With the goal of 
investigating the relationship between the mechanical behavior and the 
structural/biochemical composition of an artery, this study used a simple 
chemical degradation model of aneurysm and investigated the progressive 
changes in mechanical properties. Porcine thoracic aortas were digested in a 
mild solution of purified elastase (5U/ml) for 6, 12, 24, 48, and 96 hours. Initial 
size measurements show that disruption of the elastin structure leads to 
increased artery dilation in the absence of periodic loading. The mechanical 
properties of the digested arteries, measured with a biaxial tensile testing device, 
progress through four distinct stages termed (1) initial-softening, (2) elastomer-
like, (3) extensible-but-stiff, and (4) collagen-scaffold-like. While stages 1, 3, and 
4 are expected as a result of elastin degradation, the S-shaped stress vs. strain 
behavior of the aorta as a result of an enzyme digestion has not been reported 
before. Our results suggest that gradual changes in the structure of elastin in the 
artery can lead to a progression through different mechanical properties and 
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reveal the potential existence of an important transition stage that could 
contribute to artery dilation during aneurysm formation. 
4.2 INTRODUCTION 
Arteries remodel as a result of changes in blood flow, pressure, and other 
chemical factors [Martinez-Lemus et al., 2008; Pistea et al., 2005] and 
aneurysms are formed when a section of the arterial tissue becomes 
permanently distended. Abdominal aortic aneurysms (AAA) are an important 
clinical condition where -150,000 new cases are diagnosed yearly with a 
mortality rate of 90% if rupture occurs [Vorp and Vande Geest, 2005]. Because of 
the high mortality rate of rupture, it is desirable to be able to predict when a 
patient should have surgery to repair the dilated tissue. Current clinical practices 
involve measuring the expansion rate and diameter of the artery. Other 
parameters such as wall stiffness and peak wall stress may offer better 
predictions as to when an aneurysm will fail and thus provide for better patient 
care [Vorp and Vande Geest 2005]. In order to estimate the material properties 
of the aneurysm wall , understanding the relationship between artery structure 
and function is necessary. 
Generally arteries exhibit anisotropic and hyperelastic stress vs. strain 
curves where the majority of the passive mechanical behavior is due to the 
collagen and elastin extracellular matrix (ECM) [Dahl et al. , 2007; Dobrin, 1978; 
Fonck et al., 2007]. The initial softer region of the stress vs. strain curve has 
generally been attributed to the elastic fibers supporting the load whereas the 
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stiffened region is due to collagen fiber recruitment and collagen bearing the load 
[Cox, 1978]. Normal artery behavior between diastole and systole encompasses 
both the elastin supported and collagen-supported regions [Valdez-Jasso et al., 
2011]. Previously, studies have found compositional and mechanical differences 
between aneurysm tissue and healthy tissue. Common structural changes in 
aneurysm tissue include an early loss of elastin and smooth muscle cells 
followed by an increase in fibrillary collagen. For example, a 90% reduction in 
elastin and indicators of excess aged collagen/improper new collagen synthesis 
are reported in AAA specimens compared to non-aneurismal abdominal tissue 
[Carmo et al., 2002]. It has also been shown that there are significant changes in 
the media layer including a fragmentation of the elastic laminae and fibers 
[Lakatta et al., 1987]. Regarding the mechanical properties, human aortic 
aneurysm tissue shows increased elastic modulus and anisotropy compared to 
healthy tissue [Matsumoto et al., 2009, Vande Geest et al., 2006]. 
Because of the limited access to human aneurysm tissue, chemical 
degradation methods have been used to create models for aortic aneurysm. 
Elastase digestion causes the elastin network to be disrupted in a manner similar 
to what occurs in the formation of an aneurysm [Fonck et al., 2007]. Use of 
solutions such as calcium chloride or combinations of calcium chloride/elastase 
more closely approximate aneurysm formation by initiating inflammatory 
responses such as calcium deposition and smooth muscle injury [Tanaka et al., 
2009; Gertz et al., 1988]. The chemical models of aneurysm have been applied 
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both in vitro and in vivo. In vitro methods generally include harvesting arteries 
and subjecting them to an enzymatic treatment by leaving arteries in a solution 
bath or through local topical application [Miskolczi et al, 1998]. More complicated 
in vivo animal models involve surgically exposing an artery and delivering the 
chemical/enzyme solution either perivascularly [lsenburg et al., 2007] or by 
temporarily blocking an artery and delivering the intraluminal solution [Kallmes et 
al.,2002]. 
In the present study, we use in vitro mild elastase solutions to create 
gradual structural changes in the artery structure. Elastin and collagen assays 
quantify biochemical changes in the ECM and Movat's pentachrome stain reveal 
other structural changes not captured by the assays. Biaxial tensile testing is 
used to characterize the mechanical behavior of arteries so we can relate the 
progressive changes in the mechanical properties of arteries with the gradual 
differences in microstructure and ECM components. 
4.3 MATERIALS AND METHODS 
4.3.1 Tissue preparation and chemical degradation 
Porcine thoracic aortas were obtained from 12-24 month old pigs ( 160-200 
lbs in weight) from a local abattoir and cleaned of loose connective/fatty tissue. 
Approximately 20mm sized square samples were cut so that one edge was 
parallel to the longitudinal direction and the other edge was parallel to the 
circumferential direction of the artery. The thickness of each sample was taken 
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at several locations with a pocket dial thickness gauge and measurements were 
averaged. Samples of similar thicknesses were placed in a phosphate buffered 
saline (1 xPBS) solution at 4°C before further processing. A 5 U/ml ultra-pure 
elastase solution (MP Biomedicals, LLC, OH) was used to gradually degrade 
tissues at 3rC with gentle stirring similar to the procedure detailed by Lu et al. 
[2004]. A total of 60 samples were divided evenly into five time groups (6, 12, 
24, 48, and 96 hours, n=12 at each of the five time points) to assess mechanical 
and structural changes after various digestion times. All samples were 
mechanically tested at the fresh condition (n=60) within 24 hours of tissue 
harvesting. After a period of digestion, samples were rinsed in deionized water 
and the post digestion mechanical testing was performed. 
4.3.2 Mechanical testing and analysis methods 
Biaxial tensile testing, histology, and assays were performed on the 
various samples following protocols described in Chapter 2. Particular 
experimental settings for this study include a preload of 2±0.050N/m and 30N/m 
max tension for preconditioning for all tissues. Fresh tests generally exceeded 
120 kPa and tests after digestion had maximum stresses above 100 kPa. For 
consistency, 1 OOkPa was chosen as the maximum stress when comparing the 
results from both fresh and post-digestion tests. For the histology, a cross section 
was cut along the circumferential direction and the Movat's pentachrome stain 
was used to identify changes in the arterial structure. 
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4.3.3 Statistical analysis 
Experimental data were summarized with mean ± SD. Values of elastin 
and soluble, insoluble, total, and cross-linked collagen in fresh arteries were 
compared to data gathered after elastase digestion using generalized estimating 
equations taking into account the repeated measures [Liang and Zeger, 1986]. 
Comparisons of the strains in both the longitudinal and circumferential directions 
were made between fresh and digested arteries in the same manner as 
described above. A two-tailed P < 0~05 was considered statistically significant 
with post-hoc test using the Bonferroni procedure to adjust for multiple 
comparisons. Statistical analysis was performed using the SPSS statistical 
package (version 19.0, SPSS Inc./IBM, Chicago, IL). 
4.4 RESULTS 
As a result of the digestion with the elastase solution, the artery samples 
transition from an opaque solid material to a translucent gel-like structure. The 
fresh artery thickness varied from 0.84 to 1.95mm (mean=1.32±0.21 mm). The 
thicknesses of the digested arteries are not reported here due to the uncertainty 
in measurements due to the formation of the gel-like structure. In both the 
longitudinal and circumferential directions (Figure 4.1 a and 4.1 b), there is a 
significant increase in the side length of the artery samples after digestion 
(P<0.001 ). This increase in size occurs purely as a result of the removal of 
elastin. 
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Figure 4-1: Changes in the size of the longitudinal (a) and circumferential (b) 
directions of the tissue after treating with elastase for 6, 12, 24, 48 and 96 hours 
(n=12). The lengths post-digestion were normalized to the fresh tissue 
measurements. • P < 0.05 
Figure 4.2 shows the elastin content of the arteries decreases with 
increased time of enzyme treatment (P<0.001). In Figure 4.3, the total collagen 
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is calculated by adding the soluble collagen with the insoluble collagen. The 
percent of cross-linked collagen is determined by dividing the amount of insoluble 
collagen by the total amount of collagen [Reddy, 2004]. Collagen assays show a 
significant increase in total collagen, insoluble collagen, and collagen cross-
linking (P<0.001) in all cases except in the total collagen after six hours of 
digestion (P=0.059). The amounts of soluble collagen are not significantly 
different between fresh and digested tissues (P>0.148) except after 48 hours of 
digestion (P=0.006) . 
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Figure 4-3: Total (a), soluble (b), and insoluble (c) collagen, expressed as 1-1g of 
collagen per mg of wet tissue weight, at fresh conditions (0 hour, n=60) and after 
treating with elastase for 6, 12, 24, 48, and 96 hours (n=12). The percent of cross-
linked collagen is also presented (d). • P < 0.05 
The Movat's pentachrome stains reveal some common characteristics of 
aneurysm tissue. The elastase digestion creates regions of loose/coiled elastic 
fibers (Figure 4.4b) and fragmented elastic fibers (Figure 4.4b and 4.4d). Loss of 
smooth muscle cells is evidenced by the disappearance of red colored cells and 
dark blackish nuclei within the remaining collagen layers (Figures 4.4b - 4.4f) , 
and also between elastic fibers in Figure 4.4d . Note that elastase does not 
digest elastin through the thickness in an even manner, but rather begins at the 
exterior surfaces and progresses inwardly. The center of the media is relatively 
preserved through the 12-hour time point (Figure 4.4c) and layers of elastin still 
remain in the very center after 24 hours of digestion (Figure 4.4d). The 
remaining tissue after 48 and 96 hours of digestion is primarily collagen and 
contains minimal elastin (Figure 4.4e and 4.4f). 
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Figure 4-4: Histology images of the cross section of arteries with Movat's 
Pentachrome stain. The arteries are cut along the circumferential direction and 
the adventitial side is on the left for all six images. Collagen fibers (yellow), 
smooth muscle cells (red), ground substance (blue), nuclei/elastic fibers (purple 
to black). Scale bar is 200 J.tm. Images a through f show the fresh tissue and 
samples and after treating with elastase for 6, 12, 24, 48, and 96 hours. 
Figure 4.5 shows the averaged Cauchy stress vs. Green strain curves 
from the biaxial tensile tests. The fresh arteries (Figure 4.5a) display anisotropic 
and hyperelastic behavior with the circumferential being stiffer than the 
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longitudinal direction. After six hours of digestion, the initial slopes of the curves 
are mildly reduced, but the overall behavior still has the anisotropic hyperelastic 
properties (Figure 4.5b). After 12 hours of digestion, an elastomer-like behavior is 
seen in the longitudinal direction as the stress vs. strain curve loses the J-shape 
and becomes more S-shaped (Figure 4.5c, the S-shaped curve is not very 
prominent in the averaged data, and an clearer example of the S-shape behavior 
from a single artery is shown later in Figure 4.7). At 24 hours of digestion, the 
arteries have a pronounced J-shape curve with a very low initial slope, extended 
toe region, and prominent strain stiffening at higher strains (Figure 4.5d). Finally 
after 48 and 96 hours of digestion, the stress vs. strain curves lose the initial toe 
region and are very stiff shortly after the onset of loading (Figure 4.5e and 4.5f). 
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Figure 4-5: Averaged Cauchy stress vs. Green strain curves. Images a through f 
show the fresh tissue (n=60) and samples after treating with elastase for 6, 12, 24, 
48, and 96 hours (n=12). One-sided error bars of a standard deviation (SO) are 
shown for the longitudinal and circumferential directions. • P < 0.05 when 
compared to strains from the corresponding stresses in the fresh condition. 
Figure 4.6 shows representative Cauchy stress vs. Green strain curves 
and the progression of the mechanical properties through four major stages: 
initial-softening (IS), elastomer-like (EL), extensible-but-stiff (ES), and collagen-
scaffold (CS) behavior, note only the longitudinal direction is shown. Table 4.2 
shows the changes in the frequencies of normal/fresh (F), IS, EL, ES, and CS 
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behavior with the elastase digestion periods. Note that after 6 hours of digestion, 
the Caughy stress vs. Green strain behavior in the circumferential direction was 
almost unchanged for six samples and was counted as "fresh" behavior. The 
longitudinal strains of the digested tissue show statistically significant differences 
from strains of fresh tissue in the 6-, 12-, 48-, and 96-hour conditions (P<0.001 ), 
but not in the 24-hour condition (P=1.0). For circumferential direction, there are 
statistically significant differences in the strains at the 12- (P = 0.001 ), 48-
(P<0.001 ), and 96-hour (P<0.001) conditions but the 6- and 24-hour digestions 
do not have significant differences from the fresh tissue (P=0.08 and P=1.0, 
respectively). Our mechanical results show the arteries have very different 
mechanical behavior depending on the amount of elastin digestion, which will be 
discussed later. 
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Figure 4-6: Representative Cauchy stress vs. Green strain curves showing the 
progression of the mechanical properties through four major stages due to elastin 
degradation: initial-softening (IS), elastomer-like (EL), extensible-but-stiff (ES), 
and collagen-scaffold (CS) behavior. Note only the longitudinal direction is shown. 
Longitude Circumference 
Stage F IS EL ES cs F IS EL ES cs 
~ 
().) 0 hour 60 60 
E 6 hour 4 8 6 4 2 :.;::::; 
c 12 hour 10 2 5 7 
0 24 hour 6 6 8 4 :.;::::; (J) 
().) 48 hour 12 1 11 0> 
0 96 hour 12 12 
Table 4.2: The changes in the frequencies of fresh (F), initial-softening (IS), 
elastomer-like (EL), extensible-but-stiff (ES), and collagen-scaffold (CS) stages 
with elastin degradation. The 0 hour time point corresponds to the tests of the 
fresh arteries. All arteries were tested at the 0 hour condition (n=60) and then 12 
arteries were tested at each of the digestion time points (n=12). 
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4.5 DISCUSSION 
In this study arteries are treated with mild elastase solutions for five 
different durations to capture the progression of changes in mechanical 
properties. Our measurements show an increase in size of the arteries in both 
the longitudinal and circumferential directions following elastin digestion (Figure 
4.1 ). Previous experimental studies of arteries in dogs have also reported vessel 
dilation with elastase treatments [Dobrin and Canfield, 1984] and artery dilation is 
a characteristic of aneurysms in general [Humphrey and Taylor, 2008]. It has 
been suggested that aneurysms may form due to cyclic loading that 
progressively weakens an artery that initially had structural damage [Gasser et 
al. , 2008]. Here we show that the dimensions of arteries increase with elastin 
degradation prior to any preconditioning or loading. This indicates that the 
structural damage caused by removing elastin is enough to create artery dilation 
before pulsatile blood flow loading would further expand the structure. 
Decreased elastin content in the media as well as the disruption and 
fragmentation of the elastic lamellae are common characteristics of aneurysms 
[Guo et al., 2011; Hellenthal et al., 2009; Stanley et al. , 1975]. The decrease in 
elastin content with increased digestion time (Figure 4.2) is further confirmed by 
the Movat's pentachrome stains of the artery cross sections (Figure 4.4). The 
histology slides also display other characteristics of aneurysm tissue such as loss 
of smooth muscle cells, which has been previously reported to occur in thoracic 
aortic aneurysm [Guo et al., 2011]. Other characteristics of aneurysm including 
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excess deposition of collagen, medial neovascularization, and inflammatory cell 
infiltration [Hellenthal et al., 2009; Stanley et al., 1975] are not present in the 
current in vitro study. 
During the formation of an aneurysm, there is generally an increase in the 
amount of collagen and collagen cross-linking in the artery [Humphrey and 
Taylor, 2008] that has been attributed as a response of the body to compensate 
for the loss of elastin [Lasheras, 2007]. Our collagen assay results also showed 
an increase in total collagen content and collagen cross-linking after the elastase 
treatment (Figure 4.3a and 4.3d), however this clearly is not due to arterial 
remodeling. The increase in collagen cross-linking is attributed to the increase in 
insoluble collagen (Figure 4.3c) in this study. Our method of measuring insoluble 
collagen in the tissue involves denaturing covalently cross-linked collagen into 
gelatin for measurement with the Sircol collagen assay kit [Reddy, 2004]. As the 
artery is subjected to the elastase treatment, the process of removing elastin can 
also loosen/weaken the cross-linked collagen network. This would make the 
collagen network more susceptible to the denaturing process and thus the 
amounts of extracted insoluble collagen are higher. In addition, highly 
concentrated porcine pancreatic elastase has been used to digest insoluble 
collagen and collect collagen derived peptides [Gardi et al., 1994]. While it is 
more likely that the elastase weakened the collagen structure by removing 
supporting elastin and PG fibers, it is possible that there was a slight degradation 
of the actual collagen structure due to the enzyme. 
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The anisotropic and hyperelastic behavior of aortic tissue has been well 
documented and corresponds to the results from the fresh artery tests. 
Destruction of the elastin network leads to decreased stiffness in arteries 
[Lacolley et al., 2002] and this corresponds with our results where the loss of 
elastin causes the decreased slope and is characteristic of the first shift in 
mechanical behavior called the initial-softening phase. 
The second stage that the artery behavior transitions to is termed 
elastomer-like because the stress vs. strain curves have a stiff initial slope, a 
softer middle region and finally the increased slope at higher stresses (Figure 
4.7a). S-shaped behavior is commonly found in tensile tests of various 
elastomers [Cheng et al., 2011; Kanyanta and lvankovic, 2010; Lee et al., 2009]. 
Elastomers, such as polyurethanes, are linear segmented copolymer chains and 
have a structure that consists of loosely coiled domains of polyesters and stiff 
domains of urethane linkages [Kanyanta and lvankovic, 201 0]. At low stresses, 
the material as a whole is stiff because the load is not high enough to untangle 
the coiled polyester domains. However at some threshold stress, the coiled 
domains will untangle/slip past each other, which leads to large displacements 
with minimal increase in stress. Once the coiled domains have been 
straightened out, the material will exhibit strain stiffening as the straightened 
polyester and stiff domains now bear the load [Lee et al., 2009; Cheng et al., 
2011 ]. Our histology studies show that between the digested and undigested 
regions the ECM in some areas seems undisturbed (highlighted in green) while 
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in other areas the interconnecting elastic fibers and SMCs are removed (Figure 
4.7b). Areas affected by the enzyme that have lost the SMCs and 
interconnecting structure become regions of loose and coiled elastic fibers, while 
the undigested regions should be relatively stiff since they retained the original 
ECM network. We suspect that the cause of the elastomer-like behavior is that 
the digestion process results in the elastin network having a structure that closely 
resembles an elastomer. In a previous study of inflation testing on dog carotid 
arteries, S-shaped behavior occurs in the circumferential direction of the tissue 
and this is attributed to the waviness of the elastic lamellae in the circumferential 
direction [Dobrin and Canfield, 1984]. In our study, the S-shaped behavior is 
evident in both longitudinal and circumferential directions (Figure 4.7a) and so 
the original structure of the elastic lamellae is not a likely cause for the 
elastomer-like behavior. 
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Figure 4-7: (a) Cauchy stress vs. Green strain curves from a sample after 12 
hours of elastase digestion demonstrating elastomer-like behavior; and (b) 
Movat's pentachrome stain showing that the digestion process results in the 
formation of an ECM structure that closely resembles an elastomer with some 
areas undisturbed (highlighted in green) while in other areas the interconnecting 
elastic fibers and SMCs were removed. Scale bar is 50 ~m. 
The third stage of the stress vs. strain curves is the extensible-but-stiff 
phase, characterized by a hyperelastic behavior with a very low initial slope and 
rapid change to a high slope. Based on the histology images and elastin assays, 
at 24 hours there is limited elastin left in the arterial tissue and this can explain 
the very low initial slope [Cox, 1978; Lacolley et al. , 2002]. There is a large initial 
stretch because a small amount of elastin is still present and supporting the initial 
loading . The high slope in the stress vs. strain curves occurs when the collagen 
fibers have been recruited to support the load. As seen in Figure 4.6 (curves 
labeled ES (a) and ES (b)), the strain at which the curve shifts from low slope to 
71 
high slope can vary greatly from sample to sample. This is possibly due to 
sample to sample variation such as in artery thickness, as certain arteries at 24 
hours might be closer to the fourth stage of mechanical behavior. Since 
digestion occurs from the exterior to interior, thinner samples progress faster 
towards the collagen-scaffold behavior, which leads to collagen recruitment at 
lower strains [lntengan et al., 1999]. We expect arteries change from the 
elastomer-like stage into behavior that resembles the ES (a) curve of Figure 4.6 
because the remaining elastin should still bear the initial load. As the elastin is 
further degraded, the collagen fibers are recruited earlier so the shift to a stiff 
slope is expected to occur to a lower strain (more like ES (b) curve in Figure 4.6). 
After 48 and 96 hours of elastase digestion there is a complete removal of 
elastin and the arteries have a collagen-scaffold behavior characterized by a very 
high slope shortly after the onset of loading. The mechanical behavior measured 
in this experiment after 48 and 96 hours is very similar to those measured in 
studies of porous collagen scaffolds created from porcine aorta for tissue 
engineering [Lu et al., 2004]. Our biochemical assays and histological studies 
show minimal elastin left in the tissues at these time points which explains the 
lack of the initial soft region because the collagen fibers are the only component 
left supporting the load. The reason why the 96 hour samples appear isotropic 
(Figure 4.5f) might be due to the fact that the size changes of the sample in the 
longitudinal and circumferential directions due to elastase digestion were not 
included. Previously we have mentioned that the size of the samples increases 
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due to the elastase digestion (Figure 4.1) and because of this, digested samples 
have "initial stretches". The amount of initial stretch in the tissue increases with 
longer digestion times and affects the starting point of the stress vs. strain 
curves. The initial stretches in the longitudinal direction at 96 hours are 
significantly greater than the initial stretches in the circumferential direction 
(1 .395±0.058 vs. 1.326±0.092, P=0.037). In Figures 4.8a and 4.8b, these initial 
stretches due to elastase digestion are included in the Green strain calculations. 
As shown the Figure 4.8b, the tissue samples are still likely anisotropic after 96 
hours of elastase treatment but appear isotropic if the initial stretch is excluded. 
It is noted the initial stretch of the longitudinal and circumferential directions for 
the other time points (6, 12, 24, 48 hours) are not significantly different (P=0.53, 
P=0.58, P=0.86, P=0.82 respectively). 
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Figure 4-8: (a) Cauchy stress vs. Green strain curves of the data in Figure 4.6 but 
including the initial stretches due to elastin degradation. (b) Cauchy stress vs. 
Green strain curves of an artery after 96 hour digestion with (dotted lines) and 
without (solid lines) the initial stretches included. 
The initial-softening, extensible-but-stiff, and collagen-scaffold stages are 
expected changes as a result of the elastase digestion however, the elastomer-
like stage however has not been reported before. Studies on rubber have shown 
the presence of an elastic instability such that when a rubber tube is inflated past 
a certain limit point a local dilation can form [Gent, 2005; Bogen and McMahon, 
1979]. This principle of an elastic instability has been suggested as a reason for 
aneurysm formation [Akkas, 1990]. Other studies have used simulations to show 
that limit point instabilities are not the cause of intracranial saccular aneurysms 
and instead the formation and growth of aneurysms are due to the arterial 
remodeling [Kyriacou and Humphrey, 1996; Taylor and Humphrey, 2009]. Our 
results indicate that elastin degradation during the remodeling process may form 
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an elastomer-like structure in the artery, which could contribute to the rapid 
increase in diameter. 
The greater initial stretches in the longitudinal than in the circumferential 
direction after 96 hours of elastase digestion indicates some structural difference 
in the two directions. The anisotropy of arterial tissue is mainly due to the 
alignment of families of collagen fibers at a certain angle from the circumferential 
direction [Dahl et al., 2007]. The application of elastase also results in the loss of 
SMCs and the removal of cells has been shown to reduce collagen fiber crimping 
in rabbit carotid arteries [Williams et al., 2009]. It seems possible that with less 
fibers oriented in the longitudinal direction, when the fibers uncrimp due to loss of 
the elastin/SMCs, this leads to the longitudinal direction having a large initial 
stretch. With the presence of more collagen fiber bundles in the circumferential 
direction, the uncrimping effect may have been reduced as there is more 
structure remaining to support the tissue shape. 
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Figure 4-9: Cauchy stress vs. Green strain curves of an artery after twelve hour 
digestion, showing the longitudinal direction is in the elastomer-like stage while 
the circumferential direction is in the initial-softening stage. 
In general , it appears as though the circumferential direction progresses 
through the four stages of mechanical behavior more slowly than the longitudinal 
direction (Table 4.1) . As an example, the circumferential direction is still in the 
initial-softening stage while the longitudinal direction has already has elastomer-
like behavior after twelve hours of digestion in the example artery (Figure 4.9). 
The cause of this different rate of progression may be due to the different 
structure of the elastic lamellae in the two directions. In the circumferential 
direction , the lamellae are very wavy and corrugated while in the longitudinal 
direction , the lamellae sheets are fairly flat [Arribas et al., 2006; Clark and 
Glagov, 1985]. Stretched elastic fibers are found to be more susceptible to 
degradation during elastase digestion processes [Jesudason et al., 2007] and 
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this could have led to a faster disruption of the elastin in the longitudinal direction. 
Studies have shown the corrugated structure of the elastic lamellae in the 
circumferential direction of rabbit abdominal arteries are not fully straightened 
until -80mmHg [Wolinsky and Glagov, 1964]. Our samples are digested in 
elastase solutions without any load, so the waviness of the elastin structure in the 
circumferential direction could also have delayed the disruption of elastin through 
a shielding process. The difference in progression of the circumference and 
longitude also explains the flip in anisotropy seen after 24 hours of digestion 
(Figure 4.5d). It is possible that the longitudinal direction is closer to reaching the 
collagen-scaffold stage and so the initial distensibility is smaller after 24 hours. 
In contrast, the circumferential direction is most likely still within the extensible-
but-stiff stage and so the initial distensibility is larger causing the switch in 
anisotropy of the tissue. 
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Figure 4-10: Elastin content, expressed as j..lg of elastin per mg of wet tissue 
weight, vs. circumference length at fresh conditions (0 hour, n=60) and after 
treating with elastase for 6, 12, 24, 48, and 96 hours (n=12). The arrows indicating 
the 1.5X diameter increase and -90% elastin decrease are shown to describe the 
beginning and final tissue states studied in previous literature of AAA. 
It is generally accepted that AAAs are characterized by a 1.5X increase in 
diameter and have about a 90% decrease in elastin content [Humphrey and 
Taylor, 2008]. These values were measured from non-aneurismal and aneurysm 
aortic tissue that had been harvested during preemptive repair surgery [Carma et 
al., 2002] . However, aneurysm tissue that is harvested to avoid rupture will be 
already dilated and at the end point of the structural changes that occur as a 
result of the disease. Our study shows the elastomer-like behavior appeared 
around 12 hours of digestion in elastase. This is also when the greatest 
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decrease in elastin content (occurs between 6 to 12 hours) and the greatest 
increase in circumference length (happens between 12 and 24 hours) occurred 
(Figure 4.1 0). Following a hoop stress estimation based on results from Ohashi 
et al. [2009], the estimated stresses in porcine descending thoracic arteries 
ranges between 98 and 180 kPa for diastolic and systolic pressures of 11 0 to 
170 mmHg, respectively. The elastomer-like behavior for some samples (Figure 
4. 7a and 4.9) occurs around a Cauchy stress of around 85 kPa that is near the 
stresses experienced during diastole. Note that the stress levels at which the 
elastomer-like characteristics appear seemed to depend on not only digestion 
time but also sample thickness. Because our protocol used fixed digestion times, 
the elastomer-like behavior was evident at various stress levels and thus the 
change in mechanical properties from being J-shaped to S-shaped could be 
physiologically relevant and play some role in artery dilation. 
In the present study, although stress was reported, we would like to 
mention the layers of the arterial wall may not bear equal amounts of load and so 
accurate stress calculations can be compromised. Our histology studies showed 
that the tissue degradation was occurring unevenly through the thickness. We 
often have a central band of unaffected layers sandwiched between two bands of 
collagen layers (where the elastin had been removed) and these layers of the 
arterial wall may bear different amounts of load. In addition, due to the creation 
of the loose and gel-like collagen layer with elastin degradation, the thickness 
measurement can vary greatly based on the amount of hydration. This can lead 
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to uncertainty in the thickness measurement and further affect the reported 
stresses. 
4.6 LIMITATIONS 
There are several limitations in this study and improvements to the 
digestion and structural analysis methods could give more information about the 
formation of an elastomer-like structure in arteries. Using the sandpaper tabs 
instead of a traditional biaxial hooking method can lead to stress concentrations 
at the corners and a reduction of stress in the center region of the tissue [Sun et 
al., 2005]. Unfortunately after the elastase treatment, arteries were very porous 
and using hooks was impossible due to tearing. Previous literature has shown 
that the sandpaper clamp method limits damage to the tissue and has been 
successfully used in biaxial tensile testing [Duprey et al., 201 0; Szczesny et al., 
2012]. Here we studied porcine aortas, which differ from human both in structure 
and pressure ranges [Holzapfel et al., 2005; Ohashi et al., 2009; Vande Geest et 
al., 2006]. Future experiments would benefit from higher tensions to reach 
stresses experienced during systole. Collagen remodeling and increase of 
cross-linking of collagen, which does not occur in our study, can lead to collagen 
recruitment at lower strains [lntengan et al., 1999] and may reduce the 
elastomer-like behavior. Intima thickening in aneurysm may also compromise 
the structural/mechanical changes due to elastin degradation. The thickness of 
the porcine aortas in our study leads to an uneven digestion of the arteries, which 
is not what occurs normally in aneurysm formation. Using thinner arteries from 
80 
rats and rabbits, other chemical degradation studies of aneurysm tissue are able 
to degrade the media more evenly through the entire artery thickness [Guo et al., 
2011; Stanley et al. , 1975]. Another aspect for further investigation is digesting 
the tissues under physiologic strains. As mentioned earlier, stretched elastin 
networks are found to be more susceptible to elastase degradation [Jesudason 
et al., 2007). Finally, future studies of the artery structure such as examining the 
collagen and elastic fiber orientation with three-dimensional microscopy will help 
understand the transition in mechanical properties between healthy and elastin-
depleted/dilated arteries. 
4.7 CONCLUSIONS 
This study intends to determine a relationship between the mechanical 
properties and the structural/biochemical composition of an artery and give 
possible insights into the formation of aneurysm. While previous studies have 
generally looked at healthy vs. already dilated/ruptured tissue, this study 
investigates the gradual changes in mechanical properties with a mild elastase 
treatment. Our results show that digestion of elastin in the artery leads to artery 
dilation in the absence of loading. Four distinct mechanical stages are identified 
in the digested arteries. The initial-softening, extensible-but-stiff, and collagen-
scaffold-like stage are explainable with the changes in elastin measured by the 
assays and histology techniques. The more interesting elastomer-like stage 
happens when elastin degradation and increase in circumferential length occur 
most rapidly. This elastomer-like stage, which may occur during the transition 
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between healthy and dilated tissue states, has not been reported by previous 
experimental studies of aortic aneurysm. However, the behavior during this 
transition could be important for artery dilation as the artery has the potential to 
exhibit large stretches with a minimal increase in pressure. Finally, the 
circumferential and longitudinal directions of the artery progress through the four 
stages at different times due to the different organization of elastin in the two 
directions. Future studies with other digestion solutions under physiologic 
stresses as well as improved methods of assessing structural changes would 
make a more complete assessment of the relationship between the mechanical 
integrity and the microstructure/biochemical composition of arteries. 
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5 CHAPTER: THE EFFECT OF STATIC STRETCH ON ELASTIN 
DEGRADATION IN ARTERIES 
5.1 OVERVIEW 
Previously we have shown that gradual changes in the structure of elastin 
during an elastase treatment can lead to important transition stages in the 
mechanical behavior of arteries [Chow et al. , 2012]. However, in vivo arteries 
are constantly being loaded due to systolic and diastolic pressures and so 
understanding the effects of loading on the enzymatic degradation of elastin in 
arteries is important. With biaxial tensile testing, we measured the mechanical 
behavior of porcine thoracic aortas digested with a mild solution of purified 
elastase (5U/ml) in the presence of a static stretch. Arterial mechanical 
properties and biochemical composition were analyzed to assess the effects of 
mechanical stretch on elastin degradation. As elastin is being removed, the 
dimensions of the artery increase by more than 20% in both the longitude and 
circumference directions. Elastin assays indicate a faster rate of degradation 
when stretch was present during the digestion. A simple exponential decay 
fitting confirms the time constant for digestion with stretch (0.11 ±0.04 h-1) is 
almost twice that of digestion without stretch (0.069±0.028 h-1). The transition 
from J-shaped to S-shaped stress vs. strain behavior in the longitudinal direction 
generally occurs when elastin content is reduced by about 60%. Multiphoton 
image analysis confirms the removal/fragmentation of elastin and also shows that 
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the collagen fibers are closely intertwined with the elastin lamellae in the medial 
layer. After removal of elastin, the collagen fibers are no longer constrained and 
become disordered. Release of amorphous elastin during the fragmentation of 
the lamellae layers is observed and provides insights into the process of elastin 
degradation. Overall this study reveals several interesting microstructural 
changes in the extracellular matrix that could explain the resulting mechanical 
behavior of arteries with elastin degradation. 
5.2 INTRODUCTION 
The typical anisotropic and hyperelastic passive mechanical behavior of 
arteries can be attributed to the main structural components, elastin and 
collagen, in the extracellular matrix (ECM) [Dahl et al., 2007; Dobrin, 1978; Fonck 
et al., 2007]. In the stress vs. strain curve from a healthy artery, the elastic fibers 
support most of the load in the initial, low-sloped region [Humphrey et al., 2009]. 
The subsequent increase in stiffness is due to collagen fiber recruitment as 
coiled/wavy collagen fibers become straightened and start bearing the majority of 
load [Hariton et al., 2007]. For a healthy artery exposed to diastolic and systolic 
pressures, both the elastin-supported and collagen-supported regions are 
encompassed [Valdez-Jasso et al., 2011]. The structure and composition of 
arteries can be dramatically altered as a result of changes in blood flow, 
pressure, and chemical factors [Martinez-Lemus et al., 2008; Pistea et al., 2005]. 
Significant arterial remodeling is seen in abdominal aortic aneurysm (AAA) where 
90% reductions in elastin, indicators of excess aged collagen, and improper new 
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collagen synthesis have been reported [Carmo et al., 2002]. Fragmentation of 
the elastic laminae and fibers also occurs in the media layer [Lakatta et al., 
1987]. As a result of these structural differences, human aortic aneurysm tissue 
has an increased elastic modulus and amount of anisotropy compared to healthy 
tissue [Matsumoto et al., 2009, Vande Geest et al., 2006]. 
Chemical digestion models on animal tissue have often been used to 
mimic the elastin degradation caused by aneurysm because of the difficulties 
associated with obtaining human tissue [Fonck et al., 2007]. Previously we used 
a mild solution of elastase paired with longer digestion times in order to record 
the gradual changes in mechanical properties and structure. As a result of 
elastin removal, the stress vs. strain curves progressed through four distinctly 
different mechanical stages [Chow et al., 2012]. Structural changes in adventitial 
collagen associated with elastin degradation were studied with multiphoton 
planar imaging and showed the collagen fibers are crimped before digestion and 
have reduced waviness after elastin removal [Zeinali-Davarani et al. , 2013]. 
In vivo arteries are constantly being stretched due to systolic and diastolic 
blood pressures. Earlier studies have shown that the enzymatic breakdown of 
the elastin and collagen ECM can be affected by the presence of static stresses 
[Jesudason et al. , 2007, Bhole et al. , 2009; Ruberti and Hallab, 2005]. In vivo 
digestion methodologies have also been used to study the structural changes of 
arteries under enzymatic degradation with various models of AAA. Techniques 
can involve the topical application of elastase on exposed rabbit carotid arteries 
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[Miskolczi et al, 1998] or intraluminal delivery of the enzyme after temporarily 
blocking an artery with a balloon catheter or microvascular clamp [Kallmes et al., 
2002; Tanaka et al., 2009]. However, the effects of loading on the enzymatic 
degradation of elastin in arteries have not been studied. 
Our focus here is to determine the biomechanical role of elastin in arteries 
and examine the effect of static stretch on the enzymatic degradation of arterial 
tissue. Porcine thoracic aortas are digested in vitro with mild elastase solutions 
while being stretched. Biaxial tensile testing is used to characterize the 
mechanical behavior and elastin assays are performed for quantification of 
biochemical changes in the ECM. Multiphoton microscopy is used to assess 
structural changes of elastic lamellae and ECM with elastin degradation. 
5.3 MATERIALS AND METHODS 
5.3.1 Tissue preparation and elastin degradation 
Porcine thoracic aortas, along with permission to use the tissue in these 
experiments, were obtained from the local abattoir (Research 97 Inc, MA). 
Animals ranged from 12-24 months of age at time of harvest. Approximately 
20mm sized square samples were cut so that one edge was parallel to the 
longitudinal direction and the other edge was parallel to the circumferential 
direction of the artery. Samples of similar thicknesses were placed in 1 x 
phosphate buffered saline (PBS) solution at 4°C and all samples were 
mechanically tested at the fresh condition within 24 hours of tissue harvesting. A 
86 
5 U/ml ultra-pure elastase solution (MP Biomedicals, LLC, OH) at 3rC was 
used to gradually degrade tissues [Lu et al., 2004]. A total of 68 samples were 
tested at six time groups (6, 7.5, 9, 12, 24, and 48 hours, with n=12 at all time 
points except n=14 at 6 hours and n=6 at 48 hours). The experimental time 
points were weighted towards the shorter digestions in order to capture the 
transition from J-shaped to S-shaped stress-strain behavior. During elastin 
digestion, samples were placed in individual custom made biaxial stretching 
devices for digestion (Figure 1) and extended to a stretch ratio of 1.25 with 
respect to the respective starting length in both the longitudinal and 
circumferential directions. These stretch ratios were representative of the stretch 
experienced by porcine arteries under physiological pressures according to 
previous literature [Lillie et al., 201 0; Kim and Baek, 2011]. Following the end of 
the digestion, samples were rinsed to remove excess elastase and post-digestion 
mechanical testing was immediately performed. 
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Figure 5-1: Tissue tension digestion bath that allows for static stretches to be 
applied to both the longitudinal and circumferential directions of the sample 
during enzymatic degradation. 
5.3.2 Mechanical testing and assays 
Biaxial tensile testing and assays were performed on the various samples 
following protocols described in Chapter 2. Particular experimental settings for 
this study include a preload of 2±0.050N/m was applied in order to straighten the 
sutures connecting the tissue to the device. Initially the samples were subjected 
to a series of eight preconditioning cycles in which they were loaded in both 
directions to 30N/m for all tissues. Following preconditioning , eight cycles of equi-
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biaxial tension was applied to capture the anisotropic mechanical behavior. 
Cauchy stresses were calculated based on plane stress and incompressibility 
assumptions [Humphrey et al., 2009]. The resulted stresses generally exceed 
120 kPa in order to capture as much of the artery behavior as possible within the 
physiological pressure range. Green strain was calculated [Holzapfel, 2000] and 
Cauchy stress vs. Green strain was plotted to describe the mechanical response. 
After mechanical testing, tissues were sliced into smaller pieces for collagen and 
elastin assays. 
5.3.3 Multiphoton imaging and analysis 
Tissue samples from each group were frozen and cut into -2001Jm thick 
cross sectional slices before being placed on slides. A custom-made two-photon 
laser scanning microscope with a tunable Ti:Sapphire laser (Mai-Tai DeepSee, 
Spectra-Physics) and a water immersion objective lens (20X, 1.0 NA) was used 
to image the cross sections. In order to examine the straightness and continuity 
of the lamellae sheets in the medial layer during degradation, the cross section of 
the tissue was imaged. The excitation wavelength was set to 810 nm and power 
was tuned to approximately 25 mW at the sample. A second harmonic signal 
(SHG) was generated and emissions detected at 405±1 0 nm to image collagen 
while the two-photon excited fluorescence (2PEF) was collected at 525 ± 25 nm 
to image elastin. 
The length of the elastic lamellae was quantified with a plug-in for lmageJ 
called NeuronJ [Meijering et al. 2004]. The software allows the user to trace 
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elongated image structures and has been successfully used in examining the 
waviness of adventitial collagen fibers [Rezakhaniha et al., 2012, Zeinali-
Davarani et al., 2013]. From the plug-in, the end-to-end distance I, and total fiber 
length, L, can be measured. 
5.3.4 Statistical analysis 
Experimental data were summarized with mean ± standard deviations 
(SD). Values of elastin in arteries digested with and without stretch were 
compared using a factorial analysis of variance. The same statistical methods 
were used to compare the longitudinal and circumferential tissue size and 
lamellae length of the digested samples to the corresponding measurements 
taken from fresh tissue. A two-tailed P < 0.05 was considered statistically 
significant with post-hoc testing using the Tukey's method to adjust for multiple 
comparisons. Statistical analysis was performed using the JMP statistical 
package (version 9.0.2, 2010 SAS Institute Inc.). 
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5.4 RESULTS 
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Figure 5-2: Elastin content of arterial tissue after digestion with stretch (triangles) 
and without stretch (circles). Lines indicate simple exponential fits. For 
comparisons between digestions with and without stretch, • P < 0.05. 
Figure 5.2 shows the elastin content in the tissue sample vs. digestion 
time. Fresh arteries have elastin content of 56.5±8.81-Jg elastin/mg wet tissue 
weight and as expected, the elastin content continuously decreases with 
exposure to elastase. The rate of digestion was fitted with a simple exponential 
decay (Equation 5.3) and for comparison, results from our previous work on 
elastin digestion without stretch [Chow et al., 2012] are also shown. The 
coefficients, a, were similar for digestions with and without tension at 57±12 and 
52±7 (1-Jg elastin/mg wet tissue weight) respectively. The time constant, b, for the 
digestion with stretch was -0.11±0.04 h-1 (w/ 95% Cl) while the time constant for 
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digestion without stretch was -0.069±0.028 h-1 (w/ 95% Cl), indicating a faster 
rate of digestion when stretch is applied to the tissue. 
f(x) = aebx 
(5. 
3) 
Figures 5.3A and 5.38 show the normalized longitudinal and 
circumferential dimensions of the tissues digested with stretch plotted against the 
elastin content. The tissue dimensions increased by 20.1 ±5.1% in the 
circumferential direction and by 21.8±2.7% in the longitudinal direction after 
minimal amount of elastin remains in the tissue. 
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Figure 5-3: Changes in the size of the longitudinal (A) and circumferential (B) 
directions of the tissue after treating with elastase with stretch. The lengths of 
post-digestion samples were normalized to their individual fresh tissue 
measurements. All digestion groups were significantly greater than the fresh 
condition, P < 0.05. 
Figure 5.4 shows the representative mechanical behavior of a fresh artery 
and the four types of stress vs. strain curves as a result of digestion. Only the 
longitudinal direction is displayed in Figure 5.4. Fresh arteries generally have 
anisotropic and hyperelastic behavior with the circumferential direction being 
stiffer than the longitudinal direction. As a result of the degradation process, the 
mechanical behavior progressed through the four mechanical stages similar to 
the results discussed before [Chow et al., 2012]. In the initial-softening (IS) 
stage, the initial slopes of the curves are mildly reduced, but the overall shape is 
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still anisotropic and hyperelastic. In the elastomer-like (EL) stage, the stress vs. 
strain curve loses the J-shape and becomes moreS-shaped. When little elastin 
remains in the extensible-but-stiff (ES) stage, the mechanical behavior is 
characterized by a pronounced J-shape curve with a very low initial slope, 
extended toe region, and prominent strain stiffening. Finally when the ECM has 
been reduced to essentially a collagen scaffold, the arteries are very stiff at the 
onset of loading with no toe region, which is termed the collagen-scaffold (CS) 
stage. 
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Figure 5-4: Representative Cauchy stress vs. Green strain curves from the 
longitudinal direction showing four major stages of the mechanical properties: 
initial-softening {IS), elastomer-like (EL), extensible-but-stiff (ES), and collagen-
scaffold (CS) behavior. The behavior of fresh (F) arteries is also shown for 
comparison. 
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To better understand the transition of mechanical stages during elastin 
degradation, Figure 5.5 shows the distribution of arteries after grouping the 
stress vs. strain behavior of digested samples into one of the four mechanical 
stages. The groups are labeled with the amount of elastin and once again fresh 
arteries had an average elastin content of 56.5±8.81Jg elastin/mg wet tissue 
weight. The distributions show the longitudinal direction progresses more quickly 
through the four stages as compared to the circumferential direction. The 
transition from the J-shaped to S-shaped stress-strain behavior occurs in the 
longitudinal direction when the elastin content was 23.7±4.11Jg elastin/mg wet 
tissue. The transition occurred in the circumferential direction when the elastin 
content was 15.6±3.21Jg elastin/mg wet tissue weight. 
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Figure 5-5: Distribution of arteries after grouping the stress vs. strain behavior of 
digested samples into one of the four mechanical stages shown in Figure 4 after 
digestion with static stretch. The circumferential and longitudinal behavior 
appears as white and grey columns, respectively. 
In Figure 5.6, multiphoton, cross-sectional images of samples at various 
elastin contents are shown with the collagen on the left column and the elastin on 
the right. Qualitatively, the images show that the concentric elastic lamellae 
layers become fragmented as a result of the elastase degradation. The collagen 
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fibers in the medial layer are much smaller in diameter and appear to be 
arranged parallel to the elastic lamellae structure. As the lamellae are degraded, 
the collagen fibers become disorganized and eventually form clumps of 
straightened relaxed fibers. Due to the collagen fibers being much finer and 
denser in the medial layer, only the length of the elastic lamellae are measurable 
with the NeuronJ plugin. 
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Figure 5-6: Multiphoton images of cross sections of arteries after digestion with 
static stretch with 56.5, 35.6, 23.7, 15.6, 10.6, 6.8, and 5.61Jg elastin/mg wet tissue 
(A through G respectively) with the SHG signal (collagen, shown on left) and 2PEF 
signal (elastin, shown to the right) separated from a single image. There is 
increased fragmentation of elastic lamellae layers and collagen fibers become 
more disorganized with elastin removal. Images are 275x2751Jm. 
In Figure 5.7, the normalized frequencies of lengths of the elastic lamellae 
are shown. The normalized frequency was calculated by dividing the number of 
lamellae at a certain length by the total number of lamellae that were measured 
in that group. When the tissue is undigested, lamellae lengths are longer with 
lengths widely distributed from 150-3001-Jm. As the elastin content is reduced, 
the lamellae lengths are significantly shortened and the distribution of lengths 
becomes narrower. Finally when there is a minimum amount of elastin in the 
arteries, the lamellae length distribution is captured by a single peak between 0-
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Figure 5-7: Normalized frequency vs. elastic lamellae length in arterial tissue after 
digestion with static stretch. Evidence of increased fragmentation is shown as 
distribution of lamellae lengths shifts from right (longer) to left (short fragments). 
All groups have a significantly decreased mean length compared to the 
undigested arteries, P < 0.05. 
5.5 DISCUSSION 
This study examined the effect of static stretch on the enzymatic 
degradation of elastin in arterial tissue. The increased degradation of elastin with 
the presence of loading has been shown previously in elastin rich cell sheets 
[Jesudason et al. , 2007] and was confirmed by this study (Figure 5.2). While the 
initial and final elastin content was similar for digestions with and without stretch, 
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the presence of loading during digestion decreased the amount of time 
necessary to reach the final elastin depleted state. Previous studies have 
investigated the mechanisms for the faster elastin degradation under loading and 
suggested the mechanical stress on tissue could either make more binding sites 
available to the elastase enzyme or change the binding kinetics to allow the 
enzyme to cleave elastin more easily [Jesudason et al., 201 0; Suki et al., 2011]. 
Evidence that the presence of tension during digestion increases the rate 
of degradation of elastin was also seen from mechanical testing results. Similar 
to the results from Chow et al. [2012], the arteries progressed through the same 
four mechanical stages but went through them more quickly when digested with 
stretch. The elastomer-like stage still occurred when elastin content was 
reduced to 29-45% of the original amount (Figure 5-5). The fact that the 
transition from J-shaped to S-shaped stress-strain behavior is still present in 
tissues digested with stretch is important because it suggests rapid dilation due 
to ECM remodeling could also happen in vivo and may play a role in the 
formation and growth of aneurysm. 
It is also interesting that the longitudinal direction progresses through the 
four stages faster than the circumferential direction. This could be due to the 
preferred circumferential orientation of the collagen fibers, which may assist in 
maintaining the artery structure and resisting dilation due to elastin degradation. 
As shown in Figure 5-8, the ECM fibers appear more fragmented in the images 
of longitudinally cut tissue compared to those in the circumferentially cut tissue. 
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Because there are fewer longitudinally oriented collagen fibers , the removal of 
elastin will affect that direction of the tissue to a greater extent leading to the 
faster progression through the four mechanical stages. 
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Figure 5-8: Schematic diagram of the expected appearance of the collagen (blue) 
and elastin (green) fibers after cross sectioning the artery in the longitudinal (left) 
and circumferential (right) directions. 2PEF and SHG images are cropped to 
80x801Jm. 
The general fragmentation of the elastic lamellae shown by the 
multiphoton images (Figure 5.6) and quantified with NeuronJ (Figure 5.7) 
concurs with other studies that also report this characteristic in aneurysm [Guo et 
al., 2011; Hellenthal et al., 2009]. When elastin is relatively unaltered, the 
lamellae layers (Figures 5.6A, 5.68) extend from left to right across the entire 
image in solid lines. When the elastin content was reduced to 15.6±3.2 and 
23.7±4.11-'g elastin/mg wet tissue (Figures 5.6C, 5.60), the lamellae are 
fragmented and extend across the image in dashed lines suggesting the lamellae 
layers retained their overall end-to-end shape while degradation occurs. This 
suggests that the collagen network is intertwined with the elastic lamellae and the 
interaction between the two components helps to maintain the end-to-end shape 
of the lamellae to some degree. Others have shown that collagen fibers interact 
and provide resistance to the coiling of elastin as arteries treated with 
collagenase were reported to have a reduction of tissue dimensions [Collins et 
al., 2012; Dobrin and Canfield, 1987]. 
The loss of organization and straightening of collagen fibers with extensive 
elastin removal (Figure 5-6G) has been shown previously with planar multiphoton 
imaging of the adventitial collagen [Zeinali-Davarani et al., 2013]. The cause of 
this loss of structure in the remaining collagen could be the degradation of the 
PGs due to the elastase. Porcine pancreatic elastase not only removes elastin 
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but also degrades PGs in the ECM [van de Lest et al., 1995; Negrini et al., 1998]. 
PGs surround and support the elastin and collagen matrix [Cavalcante et al. , 
2005] and smaller PGs like decorin can even bind to collagen to regulate cross-
linking [Lee et al., 2001 ]. After selectively removing PGs from rat mesenteric 
arteries, the tissues are less capable of maintaining their shape which indicates 
the PGs are important to the structural integrity of the ECM [Gandley et al., 
1997]. Similar losses of undulation of collagen fibers and overall arterial 
geometry are reported from previous elastase treatment studies [Ferruzzi et al. 
2011; Collins et al. 2012; Dobrin and Canfield, 1984]. 
Figure 5-9: Multiphoton 2PEF images of samples showing regions where the 
boundaries of the elastic lamellae layers are compromised and loose amorphous 
elastin has been exposed as a result of elastase digestion. Images are 
275x275J.1m. 
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Several features of the elastin degradation were revealed by the 
multiphoton imaging. The release of amorphous elastin, the fragmentation of 
the elastic lamellae, and the formation of sandwiched layers could have caused 
changes in the mechanical properties. Elastic fibers have a structure that 
consists of amorphous elastin surrounded by a microfibril sheath [Satta et al., 
1998; Wagenseil and Mecham, 2009; Walker-Caprioglio et al., 1991]. As seen in 
the 2PEF imaging, large clumps of tangled amorphous elastin appear within the 
fragmented regions of the elastic lamellae due to elastin degradation (Figure 
5.6C and 5.9). Because porcine pancreatic elastase also breaks down 
microfibrils, the elastase digestion seems to cause amorphous elastin to be 
released from their confined space within the lamellae sheets. The elastic 
lamellae have been described as elastic reservoirs that serve to distribute 
loading through the vessel wall [Faury et al., 2003; Wagenseil and Mecham, 
2009; Kelleher et al., 2004]. The combination of fragmented lamellae and local 
pockets of amorphous elastin could lead to uneven load distribution. Regions in 
the tissue where loads are not distributed evenly may result in immediate 
recruitment of stiffer collagen fibers and contribute to the development of S-
shaped stress-strain behavior. In addition, a feature of the in vitro elastin 
degradation in this study was that the digestion of the elastin starts from the 
exterior faces and progresses towards the center of the media. The complex 
sandwich structure may alter how the artery supports load, as the lamellae and 
interconnecting elastic fibers are essential for load distribution. 
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5.6 LIMITATIONS 
There are several limitations in this study and improvements could be 
made to better understand the role of elastin/collagen as structural components 
of the ECM. While we have investigated the effect of static stretch on the 
digestion process, physiological loading is much more complex due to cyclic 
diastolic and systolic pressures as well as the formation of different blood flows in 
the dilated tissue [Taylor and Humphrey, 2009]. Such limitations could be 
overcome by loading the tissue in a bioreactor, or incorporating an animal model 
with the controlled gradual elastin degradation. Because of the size of the 
multiphoton images, the maximum measurable length was limited and elastic 
lamellae certainly extend beyond the 3001Jm length measured in our images. 
Another limitation is we were able to quantify elastic lamellae length and 
waviness in the media, but were unable to investigate potential changes in the 
collagen structure in the cross sectional images. The type Ill collagen fibers in 
the medial layer are of a much smaller diameter compared to the elastic lamellae 
and do not generate a strong SHG signal. The use of collagen specific 
fluorescent agents could be used to enhance the imaging · of the collagen fibers. 
The fiber-level structural changes are also better revealed by in-plane images, as 
shown in our previous study [Zeinali-Davarani et al., 2013]. 
5.7 CONCLUSIONS 
This study examines the effects of static stretch on the degradation of 
elastin in arteries. Our results show that the presence of mechanical stretch 
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during elastase digestion increases the rate of degradation of the tissue but does 
not affect the total amount of artery dilation or the final composition of the ECM. 
The arteries still progressed through the four mechanical stages when stretched 
during the gradual elastin degradation. The transition from J-shaped to S-
shaped behavior has the potential to allow for large changes in artery dimensions 
and may contribute to dilation during aneurysm formation. Multiphoton images 
reveal several interesting structural changes as a result of elastin degradation. 
Such changes as the fragmentation of the lamellae, release of amorphous 
elastin, and eventual loss of integrity of remaining collagen could be the potential 
causes of the different mechanical behavior. 
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6 CHAPTER: ARTERIAL EXTRACELLULAR MATRIX: THE 
ROLES OF ELASTIN, COLLAGEN, AND ENZYMATIC 
DEGRADATION ON THE MECHANICAL PROPERTIES 
6.1 OVERVIEW 
Elastin and collagen are the two main structural components of an artery 
and the organization of these proteins in the extracellular matrix gives the artery 
its hyperelastic and anisotropic behavior. Currently there is not a clear 
connection between the microstructure and the resulting mechanical behavior of 
arteries. Understanding how fiber organization, realignment, and recruitment 
occur would be beneficial to structurally based constitutive models. Likewise, 
changes to the mechanical and chemical conditions around the artery lead to 
significant remodeling. Knowing how structural changes lead to different 
mechanical behavior has significance in recognizing characteristics of diseases 
such as aneurysm. In this study, porcine thoracic aortas will be imaged during 
equal and unequal biaxial stretch as well as after a progressive degradation with 
a mild porcine pancreatic elastase solution. Two photon excitation fluorescence 
and second harmonic generation imaging will be performed with a multiphoton 
video-rate microscope which allows for viewing real time changes to the elastin 
and collagen structure during stretch and digestion. Quantitative analysis of the 
differences in the medial and adventitial structure will be made using a 
combination of 20 fast Fourier transform (FFT) and fractal analysis. 
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Fractal analysis shows the engagement of medial elastin until 20% 
stretch, medial collagen is engaged throughout the stretching process, and 
adventitial collagen is only engaged after 20% stretch. These structural changes 
are due to the greater presence of type Ill collagen in the media as well as the 
media having an elastic network structure compared to the adventitia, which is 
primarily composed of large families of bundled Type I collagen fibers. The FFT 
analysis showed crimping can obscure fiber family orientation but the family 
direction of adventitial collagen becomes clear with stretch or digestion. FFT 
analysis also indicated that there was significant realignment of medial collagen 
fibers with both stretching and digestion, which was not the case for the elastin 
component. These results on how the organization of elastin and collagen 
contributes to the mechanical behavior of the artery can be utilized for better 
analysis and prediction of artery behavior with structurally based constitutive 
models. 
6.2 INTRODUCTION 
In the cardiovascular system, arteries are a complex structure composed 
of smooth muscle cells, elastin , collagen, proteoglycans, fibroblasts , etc. 
However, within the extracellular matrix, elastin and collagen are two main 
structural proteins that determine the mechanical behavior of the tissue. The 
adventitia is the outermost layer of an artery and consists primarily of collagen 
fiber bundles. The collagen fibers are grouped in larger families with main 
orientations approximately at 0°, 90°, 43°, and -43° to the axial direction of the 
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artery [Rezakhaniha et al., 2011 ]. These bundles are crimped when the artery is 
unloaded [Lanir 1983] and straighten out during loading. Because of the high 
collagen content, this layer is important during collagen recruitment and plays a 
role in preventing artery rupture at high pressures [Wagenseil and Mecham, 
2009]. In the media layer, a complex network of elastin and collagen fibers 
exist between concentric elastic lamellae sheets. Both the lamellae and 
interconnecting elastic fibers keep loads evenly balanced throughout the tissue 
[Kelleher et al., 2004]. The collagen fibers are arranged parallel to the lamellae 
layers and form a network surrounding and supporting the smooth muscle cells 
[O'Connell et al., 2008]. The organization of the elastin and collagen fibers also 
is reported to change from being primarily axially aligned near the lumen to being 
circumferentially oriented deeper into the media [Timmins et al., 201 0]. The 
innermost layer, the intima, generally is much thinner than the other two layers 
and does not contribute significantly to the mechanical properties for animals 
[Holzapfel et al., 2005]. 
Given the complex nature of the arterial structure, it is generally 
established that elastic fibers support the initial stretch of the artery and at higher 
pressures, collagen fibers become load bearing [Cox, 1978]. Elastin fibers have 
a modulus of elasticity around 0.6 MPa while collagen fibers are much stiffer and 
are reported to have a modulus around 500 MPa [Lasheras 2007; Dobrin 1978]. 
While healthy arteries have hyperelastic and anisotropic behavior, it is also 
known that the mechanical properties will be altered due to disease or other 
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changes in the mechanical or chemical conditions around the artery [Kobs et al., 
2005; Matsumoto et al., 2009, Vande Geest et al., 2006; Chow et al., 2011 ]. To 
better predict artery behavior, constitutive models have been developed that 
incorporate the structural details of the extracellular matrix. Although the elastin 
structure appears to be complex, because modulus of the elastic fibers is small 
relative to collagen, elastin is generally modeled as a neo-Hookean component. 
To account for the collagen structure, Zulliger et al. [2004] have worked on 
models that incorporate distribution functions to capture the waviness and 
engagement of the fibers. Other models developed by Gasser et al. [2006] have 
components related to the number of families of fibers, their orientation, and 
degree of alignment to reflect the fiber bundle organization found in the 
adventitia. 
The goal of this study was to further the existing knowledge of the 
interactions between collagen and elastin during stretch and degradation. A 
better understanding of how the extracellular matrix contributes to the 
mechanical behavior will allow for better analysis with structurally based 
constitutive models or for application to disease progressions. Previous studies 
have determined when collagen recruitment occurs based on the curvature of the 
J-shaped pressure diameter curves [Fonck et al., 2007] but changes in the ECM 
structure that lead to the recruitment were not examined. Another source imaged 
collagen fibers and defined a straightness ~0.998 to mean the fibers had been 
recruited [Roy et al., 201 0]. However, the analysis was performed on images of 
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fixed cross sectional slices so information regarding the fiber orientation and 
engagement in the longitudinal vs. circumferential directions may have been 
missed. Timmins et al. [201 0] performed biaxial tensile testing under a 
microscope to examine collagen and elastin orientation but their protocol did not 
reach physiological loads where fiber engagement is important. 
For use in structurally based constitutive models, it is necessary to have 
information on both the microscopic and macroscopic deformation [Lake et al., 
2012]. Previously we have quantified the macroscopic mechanical behavior of 
tissues undergoing biaxial tensile stretch and elastin degradation [Chow et al., 
2012]. Here the focus will be on the microscopic level, and multiphoton 
microscopy is used to image both adventitial and medial surfaces of porcine 
thoracic aortas to capture the organization of the elastin and collagen structure. 
20 Fourier transform and fractal analysis provide quantitative changes in the 
ECM structure due to loading or digestion. Equal/unequal biaxial stretches will 
be applied to the tissues to examine structural changes during physiologically 
relevant loads. The video rate multiphoton microscopy will also be performed on 
samples after elastin degradation using a mild solution of porcine pancreatic 
elastase. Chemical digestion models on animal tissue have often been used to 
mimic the elastin degradation caused by aneurysm [Fonck et al., 2007]. A better 
understanding of the changes to the elastin and collagen structure during 
enzymatic degradation may have implications in understanding disease 
progressions. 
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6.3 METHODS 
6.3.1 Sample preparation, mechanical stretching, and elastin degradation 
Thoracic aortas from pigs ranging from 12-24 months of age at the time of 
harvest were obtained from the local abattoir (Research 97 Inc, MA). 
Approximately 30mm sized square samples were cut so that one edge was 
parallel to the longitudinal direction and the other edge was parallel to the 
circumferential direction of the artery. Samples of were placed in 1 x phosphate 
buffered saline (PBS) solution at 4°C and all samples were imaged within 24 
hours of cleaning/preparing the tissue. A custom tissue bath was made that 
allowed for equal and unequal biaxial stretches to be applied to tissue samples 
while being imaged by a multiphoton microscope (Figure 6.1 ). Tissues were 
imaged at the unstretched condition and then at 5% stretch increments to a max 
stretch of 40% for equal biaxial stretch imaging (n=6). For the unequal stretch 
tests (n=6), samples were imaged at stretches of O%C-O%L, 30%C-30%L, 
30%C-15%L, and 15%C-30%L where the C and L refer to the circumferential 
and longitudinal directions respectively. Elastase digestion protocols followed 
the methods detailed by Chow et al. [2012] and samples (n=6) were imaged after 
0, 6, 12, 24, and 48 hours of digestion. The average ~g of elastin/mg of wet 
tissue weight for undigested tissue was 51.23±7.73. After digestion for 6, 12, 24, 
and 48 hours, the elastin content decreased to 38.65±5.26, 20.86±4.51 , 
9.98±2.29, and 6.09±2.29 respectively. 
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Figure 6-1: The custom tissue tension device allowing for multi photon 
microscopy to be performed while tissue undergoes equal and unequal biaxial 
stretch. 
6.3.2 Multiphoton microscopy 
A mode-locked Ti:sapphire laser (Maitai-HP, excitation wavelength 800 
nm, 100 fs pulse width, 80 MHz repetition rate, Spectra-Physics) is used to 
generate second-harmonic generation (SHG) from collagen at 400 nm 
(417/80nm) and two-photon excited fluourescence (2PEF) from elastin 
(525/45nm) [Zoumi et al., 2004]. A quarter-wave plate is placed just before the 
objective (60X, NA 1.0 W, LUMPianN, Olympus) to generate a quasi-circular 
polarization (1.8 dB) in order to alleviate the excitation polarization dependence 
of the SHG. The average power at the sample was ranged from 25mW to 40mW 
and was chosen to optimize imaging due to the differences in signal from the 
media and adventitia. Due to the thickness of the porcine aorta and penetration 
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limit of the imaging, samples were imaged from both the adventitia and medial 
surfaces. All samples were aligned with the circumferential direction of the tissue 
along the horizontal axis during imaging. Image acquisition is performed on a 
multiphoton video-rate microscope (Veilleux et al. 2008) and a 30 volume is 
recorded with a field of view of 360 IJm. Each sample was imaged at nine 
locations spread over a 1 em square in order to obtain an average view of the 
structure for that sample. The depth of imaging varied with the adventitia scans 
reaching a depth of 60 1-1m while the volume of the media images had a depth of 
40 IJm. A maximum intensity projection of the Z-stacks was made in order to 
reduce dark regions in the image where no fibers were visible at a particular 
depth. The projections were used in the subsequent image analysis methods. 
6.3.3 20 fast Fourier transform analysis 
20 fast Fourier transform (FFT) analysis was performed on SHG and 
2PEF images with the Directionality plug-in (developed by Jean-Yves Tinevez, 
http://pacific.mpi-cbg.de/wiki/index.php/Directionalitv) in FIJI (http://fiji.sc/Fiii) 
following the developer's instructions. The 20 FFT determines the spatial 
frequencies within an image in radial directions and the output of the plug-in is a 
histogram that reports the amount of structures at angles between -90° and goo 
with a bin size of 2° (Figure 6.2). To compare differences in degree of alignment 
of the structures, the areas under the distribution curves from 0°±20° and 
90°±20° were categorized to be circumferentially and longitudinally oriented 
respectively. 
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Figure 6-2: Example FFT analysis with Directionality. A SHG image (top left) is 
processed by the plug in and after the 20-FFT, fibers are colored based on their 
orientation (top right) and a distribution of the fiber orientation in the image is 
generated (bottom). The images for the FFT analysis were 360x3601Jm. 
6. 3. 4 Fractal analysis 
The box counting protocol of lmageJ (http://rsbweb.nih.gov/iiD gives the 
fractal dimension , a measure of the degree of self similarity, of the image [Li et 
al. , 2009]. The fractal number, D, is defined as 
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D =lim log(N,) 
r->o log(l/ r) (6.1) 
where r is the box size and Nr is the number of boxes required to cover the image 
with the box size of r. As r approaches zero, the fractal number can be 
approximated as 
D""' log(N, ) 
-log(r) (6.2) 
Determining a direct relationship between box size and box number is not 
possible for real images so a plot of log(Nr) vs log(r) can be best fitted and the 
slope will be an approximate value of D (Figure 6.3). The fractal number for all 
20 images varies between 1 (for a straight line) and 2 (for a square box). For our 
purposes, the absolute and normalized change in fractal number is reported as 
abs(d- d0 ) I d0 where do is the average fractal number of the initial group. 
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Figure 6-3: Example fractal analysis. A SHG image (left, 11 Ox11 O!Jm) of 
adventitial collagen yields the plot of log(Nr) vs. log(r) and a fractal number of 
1.5795 (right). 
118 
Because the fractal number does not provide a parameter with physical 
meaning, for example a fiber orientation, artificial images were also generated 
with a custom Matlab (Mathworks, Natick, MA, USA) code to examine how the 
fractal number would change in response to predetermined alterations to an 
image. In series A (top row of Figure 6.4), 20 images per group were generated 
with normally distributed straight fibers and the standard deviation of the 
distribution ranged from 25°, 20° , 15°, 1 oo, 5°, and 1 o to increase the degree of 
alignment of the lines. In series B (bottom row of Figure 6.4) , sine wave 
functions of the form y = sin(2n(f))with f = 0.005, 0.003, 0.002, 0.001, 0.0006, 
0.0004, and 0.0002 resulted in images with lines of decreasing crimp. 
Figure 6-4: Matlab generated images used to determine the effect of alignment 
(top row), waviness (bottom row) on fractal analysis. 
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6.3.5 Statistical analysis 
Experimental data were summarized with mean ±standard deviations 
(SO) except for the fractal analysis of equal biaxial stretch images which were 
summarized and plotted with mean ±standard error of the mean (SEM). 
Amounts of circumferentially and longitudinally oriented fibers from the FFT 
analysis in the equal and unequal biaxial stretch tests as well as the elastin 
degradations were compared using a factorial analysis of variance. Post-hoc 
testing with the Tukey's method was used to adjust for multiple comparisons. 
Statistical analysis was performed using the JMP statistical package (version 
9.0.2, 2010 SAS Institute Inc.). 
6.4 RESULTS 
As described earlier, the protocol involved using the maximum intensity 
projection from the stacks of images. However, the stacked images still could 
have black regions and also some bright surface artifacts. These dark and 
excessively bright spots affect the fractal number and so to eliminate this effect, 
images were cropped from 360x3601Jm to 11 Ox11 O!Jm for fractal analysis. 
Figure 6.5 shows an example cropped image and the dark and bright regions 
that were avoided. The cropping did not affect the overall trends as the analysis 
of both 3601Jm and 11 O!Jm images of the adventitial collagen had the same 
increasing fractal number after 20% stretch which will be discussed more in detail 
later. 
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Figure 6-5: Example SHG image (left) of adventitial collagen (360x3601Jm) showing 
bright artifacts and dark regions and the resulting cropped image (11 Ox11 O!Jm) 
used for fractal analysis. A plot of fractal number vs. stretch (right) shows the 
same trend for both cropped and uncropped images but the SEM is reduced for 
cropped images. 
In this study, the purpose of using the fractal analysis of the images was to 
determine if there was a change in structure as a result of stretch. Previous 
studies have often reported the average fractal number from different 
experimental groups to quantify changes in complexity of fiber networks and cell 
shapes [Gonzalez et al., 2011; Frisch et al. , 2012; Kimler et al., 2004]. The 
fractal analysis method is very sensitive to small microstructural changes , which 
makes it useful for studies of biological images. However, because of the 
inherent sample-to-sample variation , the more accurate method to determine if 
there is a change in structure is to compare a stretched sample to its non-
stretched state. Thus the normalized change in fractal number was computed as 
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In addition, various mechanisms such as fiber realignment in the direction 
of stretch, fiber straightening, and fiber migration in/out of the focal plane could 
occur as a result of stretching the tissue [Timmins et al., 201 0; Rezakhaniha et 
al., 2012]. Because the fractal analysis captures all of these differences in 
structure, the change in fractal number can be positive or negative. For example, 
analysis of SEM images of healing rat tendons showed a decrease in fractal 
number but multiphoton images of the same samples showed an increase in 
fractal number [Frisch et al., 2012]. This inconsistency was attributed to the SEM 
images showing the healing of broken fiber ends and irregularities of the fibrils 
whereas the multiphoton images mainly displayed changes in fiber spacing. In 
this study, all samples were individually analyzed and had an overall 
increase/decrease in fractal number. It was decided to report the absolute value 
of the normalized change in fractal number ( abs(d- d0 )/ d 0 ), because the fractal 
analysis was meant to examine fiber engagement during stretch. Determining 
the mechanisms of fiber recruitment and whether that resulted in a lower/higher 
fractal number was not the goal for this application of the fractal analysis. 
Qualitatively, reporting the fractal number in this way also gave a better 
representation of the overall changes of all the samples. 
The fractal analysis of the Matlab-generated lines showed a trend of 
increasing difference in fractal number for all progressions of images (Figure 
6.6). With the increase in alignment of lines in series A and the loss of "crimping" 
in the sine waves of series B, the fractal number was significantly increased. It is 
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noted that the extra curvature of the lines in series B led to more variation in the 
fractal numbers and larger standard deviations compared to an image of straight 
lines, like series A. 
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Figure 6-6: Fractal analysis of Matlab generated images showing increasingly 
changed fractal number with increased fiber alignment (top) and decreased fiber 
waviness (bottom). 
Example SHG and 2PEF images from the equal biaxial stretch and elastin 
digestion studies are shown in Figures 6.7A and 6.78 respectively. Qualitatively 
the adventitial collagen fibers were crimped initially but then the fibers 
straightened and families of fibers became more apparent at high stretches or 
after elastin degradation. The medial collagen consists of much smaller diameter 
fibers but also appears to have some initial waviness that gets straightened out 
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due to stretch or digestion. The medial elastin appears to have some 
straightening due to stretch but due to the fiber diameter and microscope 
magnification, qualitative changes were difficult to assess. 
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Figure 6-7: (A) Multiphoton images of adventitial collagen (top), medial collagen 
(middle), and medial elastin (bottom) during equal biaxial stretch. (B) Multiphoton 
images of adventitial collagen (top) and medial collagen (bottom) during elastin 
degradation experiment. Images are 11 Ox11 01Jm. 
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Fractal and FFT analysis results from equal biaxial stretch imaging are 
shown in Figure 6.8. In the adventitial collagen, the fractal number did not 
change until a 20% stretch was reached. In contrast, the medial collagen had a 
progressive increase in fractal number throughout the stretching process. The 
medial elastin had an immediate change in fractal number at the onset of loading 
but after 20% stretch, the fractal number plateaued. FFT analysis is presented 
with a 3D plot with the fiber angle on the x-axis (0° in the middle being the 
circumferential direction), stretch on the y-axis and amount of fibers on the z-
axis. Adventitial collagen had primarily circumferentially oriented fibers at zero 
stretch. At higher stretches, multiple families of fibers are identified in the 
longitudinal direction with the multiple peaks on the histogram. In the medial 
collagen, fibers remain circumferentially oriented with stretch but become 
significantly more aligned at 40% stretch (P<0.05). No significant change in 
elastin fiber distribution occurred during stretch but it is noted the elastin has two 
main fiber orientations in the circumference and longitude directions and is more 
uniformly distributed compared to the collagen. 
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Figure 6-8: Fractal (left column) and FFT (right column) analysis of equal biaxial 
stretch images. Fractal analysis is presented as mean ± SEM and the change in 
fractal number is plotted with increasing stretch. FFT analysis is plotted with the 
fiber angle on the x-axis (0° aligned with the circumferential direction), increasing 
stretch on the y-axis, and amount of fibers on the z-axis. 
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The FFT results from the unequal biaxial stretch tests are presented in 
Figure 6.9. Instead of a 30 plot, the ratios of circumferential to longitudinal fibers 
are shown for the three fiber types as a result of the different stretch conditions. 
Only the medial collagen had significant changes in alignment as a result of the 
2:1 and 1:2 stretch ratios (P<0.05). As a result of the 15%C-30%L stretching, the 
amount of circumferential fibers decreased. With the 30%C-15%L stretch 
condition, there was increased alignment of the fibers in the circumferential 
direction. Medial elastin and adventitial collagen did not show significant 
changes due to the unequal biaxial stretch. 
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Figure 6-9: FFT analysis of medial collagen, medial elastin, and adventitial 
collagen during unequal biaxial stretch experiments. Medial collagen shows 
significant realignment with unequal stretch (P<0.05). 
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Due to the elastin degradation, the analysis of the change in medial elastin 
structure was not possible. In Figure 6.10 are the 3-D FFT distribution plots with 
the fiber angle again on the x-axis but the decreasing IJg of elastin/mg of wet 
tissue weight on they-axis. In the adventitial collagen, the orientation of families 
of fibers becomes clearer when elastin is digested. In the medial collagen, there 
was a significant increase in alignment in the circumferential direction when 
elastin content was reduced to 9.98 and 6.091Jg of elastin/mg wet tissue weight 
(P<0.05). 
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Figure 6-10: FFT analysis of elastin degradation images with the fiber angle on the 
x-axis (0° aligned with the circumferential direction), decreasing elastin content on 
the y-axis, and amount of fibers on the z-axis. 
6. 5 DISCUSSION 
The use of FFT analysis for fiber direction is well established and in 
particular, Directionality has been used previously to determine the orientation of 
cortical myelination [Woolley et al. , 2011] . Similar FFT analysis through lmageJ 
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plug-ins has also been successfully performed on multiphoton images of collagen 
and elastin fibers in skin to determine the changes in orientation due to aging or 
scarring [Zhu et al., 201 0; Wu et al., 2011]. Fractal analysis has been used to 
quantify the complexity of the shapes of cells and measure changes in the 
collagen network organization due to pancreatitis [Kimler et al., 2004; Gonzalez 
et al., 2011]. While one study has used both FFT and fractal analysis methods to 
determine the level of organization of collagen fibers during fibrillogenesis after 
tendon injury [Frisch et al., 2012], the application of fractal analysis to arterial 
ECM structure is novel. 
The combination of multiphoton imaging with fractal and FFT analysis 
reveals several interesting features and interactions of the elastin and collagen in 
the ECM. The collagen in the adventitia appears larger in diameter compared to 
the collagen in the media layer (Figure 6. 7), which is consistent with previous 
literature [Buck, 1987]. Individual collagen fibers can be difficult to resolve with 
SHG and so the larger bundles/families of those fibers in the adventitia could 
have resulted in the stronger signal [Mansfield et al., 2009]. The adventitia layer 
consists mostly of Type I collagen fibers while the media contains a ratio of 
around 30% type I and 70% type Ill collagen [Holzapfel, 2008]. Type Ill collagen 
is thinner and more extensible compared to type I fibers [Eriksen et al., 2002] and 
studies on second · harmonic generation have shown that type Ill collagen 
produces a much smaller signal compared to type I collagen [Suzuki et al., 2012; 
Cox et al., 2003]. Thus the different ratios of collagen types as well as the 
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weaker SHG signal from type Ill collagen could be causes for the differences in 
structure from images of the two layers. There was qualitative evidence that the 
adventitial collagen fiber directions varied through the depth of the tissue when 
examining images throughout the z-stacks. However, because only the 
maximum intensity projections from the volumes were analyzed, changes in the 
fiber orientation as a function of depth into the tissue could not be compared with 
previous findings [Timmins et al., 201 0; Schriefl et al., 2012]. The initial crimping 
of the collagen fibers followed by straightening as a result of stretch also 
concurred with previous studies of the collagen structure [Holzapfel et al. , 2000]. 
Adventitial collagen showed a primary orientation in the circumferential 
direction which has been shown in the examination of arterial collagen using 
polarized light [Smith et al., 1981; Elbischger et al., 2004]. While the FFT 
analysis showed a shift in the main orientation of adventitial collagen fiber due to 
stretch and elastin degradation, this was most likely due to the waviness of the 
fibers obscuring the initial fiber orientation. The fiber family orientations at 45% 
stretch are approximately located ±70° which is similar to other studies of 
thoracic adventitial collagen [Schriefl et al., 2012]. While fiber families also 
became more apparent after elastin degradation, the bundles remained mostly 
circumferentially oriented approximately at ±25°. This could be due to the testing 
protocol in which the elastin-degraded samples were imaged without stretch. 
The fiber families in the biaxial stretching experiment likely exhibit realignment 
whereas the fiber families in the digested samples were not forced to undergo 
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realignment and so they stayed relatively circumferentially oriented. For use in 
constitutive modeling, determining the fiber family directions when the fibers are 
straightened is suggested due to the masking effect of the crimping at low 
stretches. Measurements of orientation on wavy collagen fibers often appear 
uniform, and only after pressurizing the vessels can the preferred direction of the 
fiber families be determined [Schrauwen et al., 2012; Rezakhaniha et al., 2012]. 
Although not the focus of this study, the results of fiber orientations could also be 
applied towards verifying the affine assumption by comparing the measured 
family angles with and without stretch to those predicted by models [Lake et al., 
2012]. 
The medial collagen has a finer network structure when compared to the 
adventitia and thus showed different changes due to stretch and digestion. 
There were no clear fiber families in the media, which differs from a previous 
study that reported two main orientations [Schriefl et al., 2012]. Instead there 
was a relatively normal distribution of the collagen fibers centered in the 
circumferential direction similar to what is described previously [Holzapfel 2008; 
O'Connell et al., 2008]. During high stretches and after the near complete 
removal of elastin, the FFT analysis showed that collagen fibers of the media had 
a significant increase in amount of fibers in the circumferential direction. This 
could have been due to the straightening of the medial collagen fibers (Figure 
6.7) as crimping can reduce the apparent fiber direction. Another cause of the 
increase in circumferential fibers could be due to the fibers rotating towards the 
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direction of loading. Previous studies mention that collagen fibrils often are 
arranged in a loose array [Cox et al., 2003] and that could allow for the 
realignment of fibers in the direction of loading [Timmins et al., 201 0]. The 
increase in alignment due to the stretching could be amplified in the elastin 
degradation studies because porcine pancreatic elastase is known to degrade 
PGs which surround and stabilize the elastin and collagen matrix [van de Lest et 
al., 1995; Negrini et al., 1998; Cavalcante et al., 2005]. 
The fractal analysis revealed potential new information about elastin and 
collagen during loading because the medial collagen showed continued 
engagement throughout the stretching process while medial elastin is engaged 
until 20% stretch (Figure 6.8). It is established that elastic fibers and lamellae 
serve to evenly distribute loads through the artery wall and are closely associated 
with the collagen fibers [Faury et al., 2003; Wolinksy and Glagov, 1967]. Also, 
type Ill collagen typically forms an elastic network structure that is important in 
the storage of kinetic energy [Suzuki et al., 2012] and as mentioned earlier, the 
media contains a much greater fraction of type Ill collagen. The fractal results 
offer a contrast to the theory that during tissue loading there is a transition from 
elastin-supported to collagen-supported regions. Instead, our results seem to 
indicate that both collagen and elastin in the media are responsible for supporting 
lower pressures. At higher stretches, where fractal analysis shows the 
engagement of adventitial collagen after 20% stretch, this is an indication of 
recruitment of the larger collagen fiber families and would explain the general 
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increase in stiffness of normal artery behavior. Previous studies have 
determined collagen recruitment in rabbit carotid arteries occurs around 
40mmHg, or -35% stretch, based on the inflexion point of experimental pressure 
diameter curves [Fonck et al., 2007]. The importance of the adventitial collagen 
in preventing artery rupture at high pressures has also been previously 
documented [Burton, 1954]. 
Other biological studies have used fractal analysis however only reporting 
the fractal number of different experimental groups does not provide a sense of 
what structural changes occurred. In this study, the fractal analysis of Matlab 
generated images allows for some interpretation of what effect changes to fiber 
structure can have on the fractal number. The reduction of crimping and 
realignment of artificially generated lines both resulted in increasing change in 
fractal numbers (Figures 6.4 and 6.6) and these potential mechanisms of ECM 
fiber engagement were also qualitatively confirmed in the multiphoton images 
(Figure 6.6A). Finally, this study also shows the importance of a combination of 
FFT and fractal analysis. While the FFT studies of medial elastin did not show 
changes due to equal or unequal biaxial stretch, the fractal analysis was able to 
suggest fiber engagement up to 20% stretch (Figure 6.8). The benefits of this 
complementary image analysis were reported in the identification of the damage 
in collagen in healing tendons [Frisch et al., 2012]. 
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6.6 LIMITATIONS 
As previously mentioned, the fractal number was sensitive to image 
intensity and in preliminary studies it was determined that a decrease in intensity 
results in significantly lower fractal numbers. Because the intensities of the 
medial elastin images were all much less than that of the adventitia or media 
collagen, this resulted in a lower starting point and smaller changes in the medial 
elastin fractal numbers. In order to control the effect of image intensity within a 
group, the equal biaxial stretching images were taken with a consistent starting 
location so the same fibers were tracked throughout the stretching protocol. 
Because different tissues were imaged in the elastin degradation studies, the 
fractal analysis on those samples had large standard deviations that made 
comparisons insignificant. Another limitation is fractal analysis was not paired 
with the FFT analysis for the elastin digestions or unequal biaxial stretch 
experiments. Because different samples were used for the different time points 
for the digestion method, the same fibers could not be imaged for fractal 
analysis. The unequal biaxial testing protocol is currently being revised to allow 
for tracking the same fibers during stretch. 
6. 7 CONCLUSIONS 
This study examines the roles and interactions of elastin and collagen in 
the arterial extracellular matrix. Multiphoton microscopy confirmed several 
known characteristics of the artery structure but because it was paired with 
equal/unequal biaxial stretch and elastin degradation, showed some novel 
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findings. The orientation of collagen fiber families in the adventitia can be 
obscured due to the masking effect of crimping in the fibers in the unloaded 
state. Stretch or digestion allowed for better identification of fiber family direction 
for potential use in constitutive modeling. The network structure of the medial 
collagen creates the possibility of fiber realignment as well as uncrimping. Unlike 
the adventitial collagen, which only was recruited at later stretches, the media 
ECM, including both elastin and collagen fibers, played a role in supporting loads 
at low stretches. Finally the combination of fractal with FFT analysis provides a 
better understanding of how elastin and collagen function in the ECM during 
different loading and digestion conditions. 
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7 CONCLUSIONS AND OUTLOOK 
7.1 CONCLUSIONS 
Elastin and collagen are the two main structural components in the 
extracellular matrix that are responsible for the passive mechanical behavior of 
the artery. This dissertation includes the examination of the mechanical 
properties of elastic arteries with biaxial tensile testing after the tissue 
experienced in-vivo and in-vitro structural changes due to two disease-like 
models. Along with histological and biochemical studies of the structure, 
multiphoton microscopy was used to capture how the ECM responds to loading 
and degradation. Analysis of the orientation, degree of alignment, and 
engagement of both elastin and collagen fibers with fractal and Fourier transform 
methods provide quantitative differences in structure. The information on the 
structure function . relationship gained in this study has implications in 
understanding disease progressions and value in improving structurally based 
constitutive models. 
The results show that the ECM structure undergoes significant changes due 
to the mechanical and chemical conditions around the artery. With obstruction 
induced pulmonary vascular remodeling, peak blood flow velocity in banded 
animals increased to 2.67±0.28m/s compared to 0.75±0.13m/s in the sham 
animals. The structural changes due to the higher blood pressures and velocities 
were a loss of integrity of the medial layer and overall increase in tissue 
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thickness and size. Mechanically, the main pulmonary arteries exhibited an 
increase in stiffness and the increase in stiffness in the circumference direction 
was significantly correlated with the increase in collagen cross-linking (P=0.003). 
After a 60% reduction in elastin with the pancreatic elastase treatment, arteries 
exhibited the fragmentation of the lamellae as the measurable lengths 
significantly decreased from 150-300um to 40-70um. Due to the removal of 
elastin from the ECM structure, around 25% artery dilation occurred in both 
longitudinal and circumferential directions even in the absence of loading. When 
the enzymatic degradation was paired with static stretch, the decrease in elastin 
content occurred nearly twice as quickly (time constant = -0.11 ±0.04 h-1 with 
stretch and -0.069±0.028 h-1 without stretch). The loss of the load distribution, 
normally provided by the continuous elastic lamellae and fiber structure, cause 
the mechanical properties to have a transition through a number of mechanical 
stages including initial softening, a S-shaped stress-strain curve, and eventually 
stiffer collagen scaffold behavior. The structural and mechanical changes in 
these three studies have been seen as characteristics of diseases like 
hypertension and aneurysm and thus these findings could have application in 
understanding vascular disease progression. 
This dissertation also provides a better examination of how the elastin and 
collagen structure contributes to the mechanical behavior. Fractal analysis was 
able to confirm that elastin plays a role initially in supporting arterial pressures 
and then the collagen is engaged at stretches higher than 20%. However, the 
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fractal analysis showed novel findings that suggest the medial collagen is 
continuously engaged during stretch and there are clear differences in the 
responses of the media and adventitia to loading. The pulmonary artery banding 
study used the knee points of stress-strain curves as a measure of collagen fiber 
engagement. The increase in collagen to elastin ratio was believed to be the 
cause for the shift of the knee points to lower strains in the main pulmonary 
arteries. Another method of fiber recruitment could occur via realignment of the 
fibers in the direction of loading. Second harmonic generation images of 
collagen fibers in arterial cross sections showed fibers coalescing and 
straightening after digestion with elastase. Likewise, the fast Fourier transform 
analysis of planar images revealed a significant increase in alignment of collagen 
fibers after 40% stretch or when elastin content was reduced to 9.98 and 6.091Jg 
of elastin/mg wet tissue weight (P<0.05). Unequal biaxial stretching led to 
changes in the ratio of circumferentially vs. longitudinally oriented fibers in the 
medial collagen. Finally, the structural studies showed that to avoid the masking 
effects of crimping in the collagen fiber bundles, the orientation of the families of 
fibers is more accurately obtained when examining the artery with stretch. These 
studies provide information on the roles of elastin and collagen during loading as 
well as the orientation and distribution of the microstructure in native and digested 
tissues. When paired with the macroscopic mechanical testing done earlier, there is 
the potential for improving and testing structurally based constitutive models. 
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7.2 OUTLOOK 
While the focus of this dissertation was on the contributions of elastin and 
collagen in the ECM, another important structural protein of mention are 
proteoglycans (PGs). PGs have a molecular structure that consists of a central 
protein core with many covalently bonded glycosaminoglycan (GAG) chains as 
seen in Figure 7-1. During development, PGs have been shown to be able to 
inhibit elastic fiber assembly and decorin, a leucine rich PG, can also regulate 
collagen fiber formation and cross-linking [Lee et al. , 2001; Wagenseil and 
Mecham, 2009]. PGs are found throughout the artery wall with a greater 
concentration in the media and intima layers [Wagenseil and Mecham, 2009; 
Azeloglu et al., 2008]. Although PGs only compose approximately 2-5% of the 
dry weight of the artery, the accumulation of PGs is an important characteristic of 
some vascular diseases leading to the excessive lipid content and calcification 
[Wight, 1989]. 
Mechanically, PGs form negatively charged regions within the ECM matrix 
and they impart a swelling stress on the collagen and elastin network [Wight and 
Merrilees, 2004]. This provides the artery with resistance to compression and 
also gives the artery viscoelastic behavior. The swelling of the PGs due to 
osmolarity changes has also been shown to increase the stiffness of the arterial 
wall and change the residual stresses in the tissue based on opening angle 
experiments [Azeloglu et al., 2008; Guo et al., 2007]. The PGs could have an 
effect on the mechanical behavior of the arteries as mouse aorta have been 
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documented to have higher elastic moduli of as a result of increased swelling 
pressure [Guo et al., 2007). Similarly, the removal of PGs with chondroitinase 
ABC and hyaluronidase reduces the stiffness of the media and adventitia layers 
of porcine arteries but with a much smaller effect compared to the removal of 
collagen and elastin [Beenaker, 2012]. The methods applied to study the roles of 
collagen and elastin in this dissertation could be used to examine PGs and 
understand the importance of this third component in the ECM. 
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Figure 7-1: General structure of a proteoglycans with a central protein core and 
hydrophilic GAG side chains [Wight, 1989]. 
In addition, the combination of the video rate multiphoton microscope with 
the tissue tension device allowed for analysis of the structure that previously was 
not possible. Future work in examining the structure function relationship would 
begin with improving both the recording and analysis of the images. 
Incorporating a miniature version of the biaxial testing system to be used in 
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conjunction with the video rate multiphoton microscope would be ideal. Our 
tissue tension device was limited to a certain stretch increments and increasing 
the speed and accuracy of tissue stretching would allow for more imaging options. 
In addition, tension or load control protocols could also be incorporated and the 
mechanical behavior of a single sample could be paired with the microstructure 
of that same sample. 
To improve the analysis of the images, further investigation of the fractal 
method with Matlab generated images would be useful in understanding how the 
method quantifies structural changes. Our results included studies of fiber 
alignment and waviness but other properties of the lines such as length, diameter, 
and brightness could be altered. For the processing of experimental images, a 
means of quantifying fiber waviness in images with weaker collagen signal could 
be developed perhaps through image processing/enhancement prior to 
measuring the fiber properties. Also, the use of a higher magnification objective 
or fluorescent collagen specific agent (for example CNA35) would enhance the 
weaker type Ill collagen signal and then it is possible that existing fiber waviness 
measurement programs could be viable. 
With improvements to the imaging protocol and analysis methods, more 
complex studies could be performed. We have done preliminary studies 
involving imaging tissues undergoing digestion and protocols could be developed 
so that study could generate results that would be more useful to disease 
progression or constitutive modeling. Likewise, the video rate microscope has 
142 
been used for in vivo studies on rat-tail arteries and so studies on in vivo 
remodeling of the arterial ECM certainly seem possible. These could not only be 
useful as disease progression studies but also could be part of developing 
diagnostic clinical techniques. 
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